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ABSTRACT.
T h is  p a p e r  d e s c r ib e s  an i n v e s t i g a t i o n  o f  th e  
dam ping in f lu e n c e s  o c c u r r in g  in  m u l t i - c r a n k  e n g in e s  when 
i n  a s t a t e  o f  t o r s i o n a l  o s c i l l a t i o n .  The m a jo r p a r t  o f  
th e  e x p e r im e n ta l  work i s  c a r r i e d  o u t  on a  f o u r - c y l in d e r  
p e t r o l  e n g in e . The c r a n k s h a f t  i s  o f  th e  fo u r - th ro w - tw o - 
b e a r in g  ty p e  and I t s  t o r s i o n a l  f l e x i b i l i t y  i s  exam ined 
a n a l y t i c a l l y  f o r  th e  c o n d i t io n  o f no c o n s t r a i n t  and 
co m p le te  c o n s t r a i n t  a t  th e  b e a r in g s .  T o rs io n  e x p e rim e n ts  
a re  c a r r i e d  o u t  w ith  th e  c ra n k s h a f t  in  p l a c e ,  and  th e  
r e s u l t s  a re  in  c lo s e  ag reem en t w ith  a n a l y s i s .
In  th e  v i b r a t io n  e x p e rim e n ts  a G e ig e r  to r s io g r a p h  
i s  u sed  and re so n a n c e  c o n d i t io n s  a r e  exam ined. Extrem e 
m ethods o f  l u b r i c a t i o n  a r e  a d o p te d  and th e  o u ts ta n d in g  
in f lu e n c e  o f  l u b r i c a t i o n  in  th e  c o n tr o l  o f  a m p litu d e  a t  
re so n a n c e  i s  d em o n stra ted *  F o r th e  en g in e  d e a l t  w ith  
th e  p r i n c i p a l  so u rc e  o f  dam ping i s  t r a c e d  to  th e  m ain b e a r in g .
The d i s s i p a t i o n  o f  e n e rg y  in  an o i l  f i lm ,  due to  
jo u r n a l  v i b r a t i o n  i s  exam ined a n a l y t i c a l l y  and e x p re s s e d  in  
term s o f  jo u rn a l  d is p la c e m e n t. From an i n v e s t i g a t i o n  o f  
th e  j o u r n a l  d is p la c e m e n ts  cau sed  by c r a n k s h a f t  o s c i l l a t i o n ,  
i t  i s  found  t h a t  p r a c t i c a l l y  a l l  th e  in p u t  e n e rg y  o f  v i b r a t i o n  
c o u ld  be a c c o u n te d  f o r  in  t h i s  m anner, th u s  c o n firm in g  th e  
e x p e r im e n ta l  o b s e r v a t io n s .
The r e s u l t s  a r e  f i n a l l y  re d u c e d  to  an  o v e r a l l  non- 
d im e n s io n a l f a c t o r  w hich i s  p r a c t i c a l l y  c o n s ta n t  f o r  th e  
ra n g e  o f  f r e q u e n c ie s  I n v e s t ig a te d .
R e s u l ts  from  a num ber o f  m u l t i - c r a n k  e n g in e s  on w hich  
f u r t h e r  e x p e rim e n ts  had been  c a r r i e d  o u t  were a v a i l a b l e  and 
th e s e ,  t o g e th e r  w ith  o th e r  p u b l is h e d  d a ta ,  a r e  a l s o  red u c ed  
to  t h i s  s im p le  n o n -d im e n s io n a l fo rm . The v a lu e  o f  th e  
f a c t o r  i s  n o t  c o n s ta n t  f o r  the  d i f f e r e n t  e n g in e  sy s te m s , b u t  
a p p e a rs  to  be c o r r e l a t e d  to  th e  e l a s t i c  c u rv e  form  a t  th e  
e n g in e , and an  a v e ra g e  cu rv e  ta k e n  on t h i s  b a s i s  i s  p r e s e n te d  
a s  a  g u id e  in  d e s ig n .
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INTRODUCTORY REVIEW.
In  modern m ach in e ry  w here p e r io d ic  t o r s i o n a l  
r o r c e s  o c c u r  i t  i s  g e n e r a l ly  n e c e s s a r y  to  in c lu d e  in  
th e  d e s ig n  p ro c e d u re  an  i n v e s t i g a t i o n  o f  th e  t o r s i o n a l  
c h a r a c t e r i s t i c s  o f  th e  d y n am ica l sy s te m . T h is  p h a se  
o f  d e s ig n  i s  e s s e n t i a l  i n  m arine  i n s t a l l a t i o n s ,  and i t  
i s  com pulsory  in  h ig h  speed  r e c i p r o c a t i n g  e n g in e s  
in c lu d in g  th e  a u to m o b ile  and a i r c r a f t  t y p e s .  In  a l l  
th e s e  sp h e re s  many exam ples o f  se v e re  t o r s i o n a l  
v i b r a t i o n  a r e  on r e c o r d  show ing th e  p e n a l ty  o f  
re so n a n c e  u l t im a te ly  ta lc in g  th e  s i n i s t e r  form  o f  
s h a f t in g  f a i l u r e .  M ild e r  c a s e s  o f  re so n a n c e  u s u a l ly  
r e s u l t  i n  some form  o f  d i s tu r b a n c e ,  c o a r s e  and 
uneconom ical ru n n in g  o r  i r r e g u l a r i t y  o f  o p e r a t io n .
The prob lem  o f  d e te rm in in g  th e  t o r s i o n a l  v i b r a t i o n  
c h a r a c t e r i s t i c s  becom es one o f  f i r s t  e s t im a t in g  th e  
n a t u r a l  f r e q u e n c ie s  o f t o r s i o n a l  v i b r a t i o n  o f  th e  s h a f t  
a r ra n g e m e n t. T here a r e  v a r io u s  m ethods a v a i l a b l e  f o r  
t h i s  c a l c u l a t i o n ,  b u t  f o r  m u l t i - e l a s t i c  sy s te m s , th e  
m ost common I s  th e  m o d if ie d  diim bel -  H o l i e r 1 m ethod.
T h is  I n v o lv e s  th e  d e te r m in a t io n  o f  i n e r t i a  q u a n t i t i e s  
and s h a f t  r i g i d i t i e s  and t h e i r  r e d u c t io n  t o  sin 
e q u iv a le n t  d y n am ica l system  h a v in g  t o r s i o n a l  
c h a r a c t e r i s t i c s  e q u iv a le n t  to  th e  e n t i r e  ru n n in g  g e a r .
The a c c u ra c y  o f  th e  n a t u r a l  f re q u e n c y  c a l c u l a t i o n s  
c h i e f l y  depends upon th e  e s t im a t io n  o f  s h a f t  
f l e x i b i l i t i e s ,  th e  m ain d i f f i c u l t y  o c c u r r in g  i n  v i b r a t i o n  
form s where c r a n k s h a f t  r i g i d i t y  i s  im p o r ta n t .  How ever, 
w ith  f u r t h e r  d a ta  c o n t in u in g  to  s u p p o r t  r e c e n t  e m p ir ic a l  
fo rm u lae  f o r  c r a n k s h a f t  s t i f f n e s s 2 , c a l c u l a t e d  
f r e q u e n c ie s  can  be r e l i e d  upon to  w i th in  3 p e r  c e n t .
Thus th e  p r im a ry  p rob lem  o f  d e te rm in in g  n a tu r a l
1. H o la e r , D ie  B erechnung d e r  D rehschw ingungen . B e r l i n , 1921,
2 . C a r te r ,  E n g in e e r in g , J u ly  1 3 th , 1928.
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f r e q u e n c ie s  and  v i b r a t i o n  form  may be re g a rd e d  a s  b e in g  
s u f f i c i e n t l y  c l e a r  from  an  e n g in e e r in g  p o in t  o f v iew .
W ith th e  n a t u r a l  f r e q u e n c ie s  d e te rm in e d , th e r e  
fo l lo w s  th e  p o s s ib le  c r i t i c a l  sp e e d s  s in c e  t h e o r e t i c a l l y  
th e s e  o c c u r  when th e  p e r io d ic  f o r c e s  s y n c h ro n ise  w ith  
th e  n a t u r a l  f r e q u e n c ie s .  F o r tu n a te ly  o n ly  c o m p a ra tiv e ly  
few a re  v i o l e n t  enough to  cau se  dam age. Some o f  t h e s e ,  
how ever, a r e  so s e v e re  t h a t  t h e i r  synch ron ism  m ust be 
a v o id e d  e n t i r e l y  s in c e  even a p a s sa g e  th ro u g h  th e  re g io n  
would be s e r i o u s .  Hence th e  f u r t h e r  p rob lem  o f  
a s s e s s in g  th e  m agn itude  o f  th e  s e v e r a l  c r i t i c a l s  becomes 
im p o r ta n t .
The s im p le s t  b a s i s  f o r  t h i s  e x a m in a tio n  i s  th e
■» 4
energy  m ethod d ev e lo p ed  by ^ y & le r^  and L ew is . T h is  
m ethod depends upon th e  f a c t  t h a t  a t  re so n a n c e  th e  
v i b r a t i o n a l  en erg y  g iv e n  to  th e  s h a f t  by th e  p e r io d i c  
f o r c e s  i s  a b so rb e d  by th e  dam ping f o r c e s  a lo n e .  F o r 
r e c ip r o c a t in g  e n g in e s  th e  p e r io d ic  i n e r t i a  to rq u e s  a re  
d e f i n i t e  and th e  d i s t u r b in g  to rq u e s  due to  th e  f l u i d  
p r e s s u r e  can be c a l c u l a t e d  w ith  r e a s o n a b le  a c c u ra c y  from 
th e  i n d i c a t o r  c a r d s .  H ence, s in c e  th e  f r e e  v i b r a t i o n  
form i s  assum ed a t  re so n a n c e  and th e  in p u t  e n e rg y  i s  
p r o p o r t io n a l  to  th e  v e c to r  sum o f  th e  p ro d u c ts  o f  
harm onic to rq u e  and a m p litu d e  o f  v i b r a t i o n  a t  w hich i t  
a c t s , th e  r e l a t i v e  v a lu e  o f  t h i s  en e rg y  f o r  a  p a r t i c u l a r  
v i b r a t i o n  form  can  be e s t im a te d  c lo s e l y  f o r  each  
c r i t i c a l .
At  t h i s  s ta g e  i t  w i l l  be p o s s ib l e  to  p r e d i c t
w h e th e r  th e  o p e r a t in g  sp e ed s  a r e  c l e a r  o f  c r i t i c a l s
w hich a r e  e x p e c te d  to  be s e v e r e .  In  many slow  sp eed
en g in es t h i s  can be a t ta in e d , but w ith  h e a v ie r  e n g in e
m asse s , g r e a t e r  num ber o f  c y l in d e r s  and h ig h e r  ru n n in g
sp eed s , th e  avoidance i s  n o t a l t o g e t h e r  a  p r a c t i c a b l e
p o s s i b i l i t y .  In  such  c a s e s ,  methods o f  evad ing se v e r e
resonance c o n d it io n s  must be employed,  such as
3 W y d l e r / ’Drehschwingungen i n  K o lb en m a sc h ln e n a r la g en "
B e r l i n ,  1922.
4. L ewis ,Trans .New York g o c .o f  _and :;iarine
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readjustm ent o f  mass and e l a s t i c i t y  fo r  f re q u e n c y  change 
o r  re a rra n g e m e n t o f  f i r i n g  o r d e r ,  c ra n k  a n g le s  e t c . ,  
i n  c o n ju n c tio n  w ith  v i b r a t i o n  form  f o r  c a n c e l l a t i o n  o f  
c e r t a i n  im p u ls e s . Even c o r r e c t  p h a s in g  o f  th e  lo a d  
i f  i t  h a s  s u i t a b l e  p e r io d ic  v a r i a t i o n s  can  be em ployed 
to  a t t a i n  minimum v i b r a t i o n a l  e n erg y  a t  re s o n a n c e .
In  a l l  such  m ethods, su c c e s s  i s  p o s s ib le  to  a 
v a r i e d  d e g re e  s in c e  t h e  a v o id a n c e  o f ex trem e c r i t i c a l s  
v e ry  o f te n  in t r o d u c e s  th o se  o f m inor o r d e r  w hich s t i l l  
m ig h t be d a n g e ro u s . In  many o i l  e n g in e s  ru n n in g  a t  
p r e s e n t  th e  o p e r a t in g  ran g e  l i e s  betw een s e v e re  
c r i t i c a l s ,  w h ile  th e  h ig h  sp e ed s  and  w ide sp eed  ran g e  o f 
a u to m o b ile  and a i r c r a f t  e n g in e s  makes i t  im p o s s ib le  to  
a v o id  a l t o g e t h e r  th e  o c c u rre n c e  o f c r i t i c a l s  i n  th e
o p e r a t in g  ra n g e . These c a se s  a re  q u i t e  common and i t
becom es n e c e s s a ry  to  e s t im a te  th e  a c tu a l  v a lu e s  o f . t h e s e  
c r i t i c a l s  a t  and n e a r  re so n a n c e  in  o r d e r  to  d e c id e
w h e th e r i t  i s  s a f e  d e l i b e r a t e l y  to  ru n  a t  th e s e  s p e e d s .
T h is in v o lv e s  a  know ledge o f  th e  dam ping in f lu e n c e s  
and f a c t o r s  c o n t r o l l i n g  a m p litu d e  a t  re s o n a n c e .
The dam ping p r o p e r ty  o f  any p a r t i c u l a r  so u rc e  
i s  u s u a l ly  known when th e  e n e rg y  a b s o r p t io n  i s  e x p re s s e d  
a s  a  f u n c t io n  o f  a m p litu d e  and f re q u e n c y . Where to rq u e  
c h a r a c t e r i s t i c s  p e r m i t ,  a s  i n  th e  c a se  o f  p r o p e l l e r s ^ ,  
i t  i s  p o s s ib le  to  d e r iv e  dam ping f a c t o r s ,  such  t h a t  th e  
a m p litu d e  o f  v i b r a t i o n  when damped m a in ly  by t h i s  so u rc e  
can  be c a l c u l a t e d  w ith  s u f f i c i e n t  a c c u ra c y  to  be o f  
p r a c t i c a l  v a lu e .
H owever, i t  i s  q u i te  common to  have o th e r  modes 
o f  v i b r a t i o n  w ith  a  node p r a c t i c a l l y  a t  th e  p r o p e l l e r  so 
t h a t  dam ping from  t h i s  so u rc e  i s  i n e f f e c t i v e .  T h is  
c l a s s  o f  v i b r a t i o n  i s  s im i l a r  to  t h a t  w hich o c c u rs  in  
a i r - c r a f t  d r i v e s ,  e n g in e - g e n e r a to r  s e t s ,  and many o th e r  
s p h e re s .  The dam ping o c c u rs  a t  t h e  e n g in e  an d  s h a f t  
b u t  i t s  n a tu r e  and d i s t r i b u t i o n  i s  in d e te r m in a te .
5 . P o r t e r ,  T ra n s . Amer. Soc. Mech. Eng. A .P .M .,51 -  2 2 .t9 2 9 ,
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I t  a p p e a rs  t h a t  t h e r e  have  been  no d e t a i l e d  i n v e s t i g a t i o n s  
c a r r i e d  o u t  from  w hich th e  n a tu r e  o f e n g in e  dam ping c o u ld  
be e lu c id a t e d .  In fo rm a tio n  from  a c t u a l  e n g in e s  i s  
u s u a l ly  l im i t e d  to  an o v e r a l l  v a lu e  from  one im p o r ta n t  
c r i t i c a l  and i t  a p p e a rs  im p o s s ib le  an d  u n r e l i a b l e  to  
c o n s id e r  th e  dam ping from th e  e n g in e  f r i c t i o n a l  to rq u e  
c h a r a c t e r i s t i c s .  T here  i s  a l s o  a  d i v e r s i t y  o f  o p in io n
a s  to  th e  m ost r a t i o n a l  way o f  c o n s id e r in g  th e  r e s u l t s .
1 &W ydler , H o lx e r , C a r te r  , & c ., t a k e  th e  n a tu r e  o f  e n g in e  
dam ping to  be  unknown, and red u c e  o b s e r v a t io n s  to  an 
e q u iv a le n t  o v e r a l l  v is c o u s  da iry in g  o c c u r r in g  w ith in  th e  
e n g in e . Each m o d if ie s  th e  f a c t o r  s l i g h t l y ,  e x p re s s in g  
i t  i n  te rm s o f  c y l in d e r  a r e a ,  m ass o r  e q u iv a le n t  
a m p l i f i c a t i o n  f a c t o r .
On th e  o th e r  h a n d , Lew is c o n s id e r s  t h a t  t h e r e  
i s  no  dam ping w i th in  th e  e n g in e  s in c e  t h e r e  a p p e a rs  to  be 
no  f r i c t i o n a l  to rq u e  v a r i a t i o n  w ith  speed  ch an g e . He 
t h e r e f o r e  assum es t h a t  a l l  th e  v i b r a t i o n a l  e n e rg y  i s  
a b so rb e d  by h y s t e r e s i s  in  th e  s h a f t in g ,  th e  o v e r a l l
dam ping ta k in g  a  form  b a se d  on th e  h y s t e r e s i s  r e s u l t s  o f
7
R ow ett . However, from a l i s t  o f o v e r a l l  r e s u l t s  g iv e n  
oy P o r t e r 8 , i t  i s  seen  t h a t  h y s t e r e s i s  e n erg y  i s  b u t  a  
f r a c t i o n  o f  t h e  e n e rg y  a b so rb e d .
O b je c t .  In v iew  o f  th e se  o p in io n s i t  was th ou gh t th a t
an attem pt snould  be made t o  i n v e s t i g a t e  th e  n a tu r e  and 
d i s t r i b u t i o n  o f  dam ping in f lu e n c e s  i n  e n g in e  t o r s i o n a l  
o s c i l l a t i o n  ana  f a c t o r s  c o n t r o l l i n g  a m p litu d e  a t  
re so n a n c e  on a  sm a ll  s c a le  p l a n t  s u i t a b l y  a r ra n g e d  so 
t h a t  e f f e c t s  o f  m ass , f re q u e n c y  and a m p litu d e  c o u ld  be 
exam ined , to g e th e r  w ith  l u b r i c a t i o n  and  p i s t o n  r i n g  
e f f e c t s .
5 . 1. 4 . L oc. c l t .
5 . C a r te r ,  A ero . R e se a rc h  Comm. R. and M. No. T053-1 S .22) 1926.
7 . R o w ett, P ro c . Roy. Soc. London. S e r i e s  A. V o l. 89 . T914.
See L ew is l o c .  c l t .
8 . P o r t e r ,  s e e  d i s c u s s io n  in  p a p e r  by H a rto g . T ra n s . Amer.
Soc. Mech. Ehg. A. P .M. 52- 13 , T9'50’.
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PART I .  EXPERIMENTAL PLANT AND ITS CHARACTERISTICS.
D e s c r ip t io n  o f  P l a n t .
S in c e  th e  i n v e s t i g a t i o n  c o n s i s t e d  m ain ly  of 
s tu d y in g  dam ping w ith in  th e  e n g in e ,  a  p l a n t  was r e q u i r e d  
such  t h a t  l a r g e  o s c i l l a t i o n  to o k  p la c e  o n ly  a t  th e  e n g in e , 
and t h a t  a m p litu d e  and  f re q u e n c y  c o u ld  be v a r ie d .
A f o u r - c y l in d e r  Dorman p e t r o l  e n g in e , i n .  x  
4 f  i n .  s t r o k e  was d r iv e n  by a  D.C. s h u n t m o to r , th ro u g h  
a  lo n g  f l e x i b l e  s h a f t ,  t h e  speed  o f  th e  m o to r b e in g  
c o n t r o l l e d  by  a  num ber o f  r e s i s t a n c e s  in  s e r i e s  w ith  th e  
a rm a tu re  c i r c u i t .  Two r e l a t i v e l y  heavy f ly -w h e e ls  f ix e d  
c lo s e  to  th e  a rm a tu re  gave a  com bined I n e r t i a  much g r e a t e r  
th a n  th e  e n g in e  ru n n in g  g e a r  w hich c o n s i s t e d  o n ly  o f th e  
c r a n k s h a f t ,  c o n n e c tin g  ro d s  and p i s t o n s .  In  o r d e r  to  
v a ry  th e  n a t u r a l  f r e q u e n c ie s  a  num ber o f s p l i t  p u l l e y s  
c o u ld  be f i t t e d  c lo s e  to  th e  e n g in e  m a sse s .
The c y l in d e r  head  was rem oved to  e l im in a te  
th e  u n c e r t a in  p e r io d i c  to rq u e s  in tro d u c e d  by th e  pumping 
e f f e c t ,  p a r t ic u la r ly  in  th e  case  when the p is to n  r in g s  
were rem oved. When ru n n in g , i n e r t i a  to rq u e s  a r i s e  in  
th e  e n g in e  and i n c i t e  t o r s i o n a l  v i b r a t io n  in  th e  e n g in e  
and m o to r m asse s . The s o u rc e  o f  v i b r a t i o n  o c c u r r in g  a t  
th e  p o s i t i o n  o f  maximum a m p litu d e  on th e  d y n a m ic a l sy stem  
g iv e s  th e  b e s t  p o s i t i o n  f o r  d e v e lo p in g  th e  g r e a t e s t  
v i b r a t i o n a l  e n e rg y .
The m asses and  s h a f t  f l e x i b i l i t i e s  w ere such  
t h a t  one node v i b r a t i o n ,  s t im u la te d  by t h e  l a r g e  2nd and 
s m a ll  3 rd  o r d e r  to rq u e s  c o u ld  be s tu d ie d .  P ig .  1 shows 
a  g e n e r a l  v iew  o f  th e  p l a n t .
The e n g in e  and  m oto r f ly w h e e l  u n i t s  were 
f i t t e d  to  heavy  b a s e p la te s  a s  shown in  P ig s .  2 and  3 , 
th e s e  b e in g  se c u re d  by  f i t t e d  b o l t s  to  two r o l l e d  s t e e l  
J o i s t s  8 i n .  x  6 i n .  x  20 f t .  lo n g . The g i r d e r s  were 
f u r t h e r  s e c u re d  by p l a c in g  a t  s u i t a b l e  d i s t a n c e s  a p a r t ,  
two s t o o l s  w hich a ls o  se rv e d  to  s u p p o r t  plummer b lo c k s  
c a r r y in g  th e  lo n g  s h a f t .  Thus th e  w hole p l a n t  was
Fig 'Z. l/zê / af' Engine P\ . ~ Torsiograjpl1
6 . ~  0 > / - W g / /  f o r  g r a v i ty  s u p p ly  to ma i n - be ,ar ir\g )
C . — D&ad -  C entre  tiyv\*v\g
'
F;g. 'ICA. \AeW a t  Eng ine., 
A -  V<2-ad~ ce-ritre. timing ,
Fiq . 3,____ lAgW Motor
r i g i d l y  co n n ec te d  to  a s o l i d  fo u n d a t io n .
A f ly w h ee l and e x te n s io n  s le e v e  w ere h e a v i ly  
keyed and p in n ed  to  th e  a rm a tu re  s h a f t ,  th e  e x te n s io n  
s le e v e  c a r r y in g  th e  w e ig h t o f  th e  f ly w h e e l on a  h a l l  
b e a r in g ,  f i t t e d  to  th e  m o to r b a se  p l a t e .
The s h a f t in g  was su p p o r te d  by th r e e  plummer 
b lo c k s  and was co n n ec te d  to  th e  c r a n k s h a f t  by a  s o l i d  
f la n g e d  c o u p lin g . A heavy b e l t  p u l l e y ,  keyed  and  p in n e d  
to  th e  o th e r  end o f  th e  s h a f t in g  was b o l te d  to  th e  
e x te n s io n  s le e v e  on th e  armature sh a ft  by th ree  f i t t e d  
b o l t s .  F ig s .  4 a .b . c .  show in  d e t a i l  the a rran g em en t 
a t  b o th  ends o f  th e  sy stem .
From p r e l im in a ry  ru n s  i t  was found  t h a t  a l l  f i t t i n g s  
had  to  be h e a v i ly  keyed  and p in s  c o u n te rsu n k  and f i t t e d  
i n to  th e  s h a f t .  T h is  was im p o r ta n t  a s  s m a ll  s l i p s  would 
a b so rb  c o n s id e r a b le  e n e rg y . The v ib r a t io n s  were more 
se v e re  th a n  a n t i c i p a t e d  and s a d d le  k ey s and o r d in a r y  
p in c h in g  p in s  f a i l e d  to  h o ld  and p ro v ed  u s e l e s s .  W ith 
th e  m ost s e v e re  o s c i l l a t i o n ,  th e  r e v is e d  f i t t i n g s  p ro v ed  
s u c c e s s f u l ,  a s  th e r e  was no e v id e n c e  o f  s l i p  h a v in g  ta k e n  
p la c e .
A t sp eed s  removed from reson an ce , sm ooth and 
s a t i s f a c t o r y  ru n n in g  was o b ta in e d .
B e a rin g s  and L u b r ic a t io n . The m o to r was a  2 p o le  B .C . 
sh u n t ty p e  r a t e d  3 H .P . a t  T5?0 r .p .m . The a rm a tu re  
was c a r r i e d  on two r i n g  o i l  b e a r in g s  and th e  e x te n s io n  
s le e v e  on a  b a l l  b e a r in g .  The plummer b lo c k s  s u p p o r t in g  
th e  s h a f t in g  were o f g u n m e ta l, one b e in g  D isc ed  a d ja c e n t  
to  th e  p u l le y  f ly w h e e l and th e  o t h e r  two c o n v e n ie n t ly  
sp aced  a lo n g  th e  s h a f t .  The e n g in e  c r a n k s h a f t  was o f  
th e  two b e a r in g  ty p e ,  h a v in g  a  lo n g  w h ite  m e ta l  b e a r in g  
a t  th e  a f t  end and a  r o l l e r  b e a r in g  a t  t h e  fo rw a rd  end 
o f  th e  fram e . N orm ally  th e s e  b e a r in g s  were fo r c e d  
l u b r i c a t e d  by a  pump, g e a r  d r iv e n  from the  c r a n k s h a f t ,  
b u t  t h i s  was d is m a n tle d  f o r  s i m p l i c i t y  in  e n g in e  ru n n in g  
g e a r  and g r a v i ty  fe e d  s u b s t i t u t e d  to  th e  w h ite  m e ta l
puuoiq- T
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b e a r in g .  F ig .  2 shows th e  g r a v i t y  fe e d  su p p ly .
The c o n n e c tin g  ro d s  h ad  been d e s ig n e d  f o r  s p la s h  
l u b r i c a t i o n ,  b u t  w ith  c o n s ta n t  d is m a n t l in g  t h i s  was 
n o t  c o n s id e re d  c o n s i s t e n t ,  so th e  o i l  sump was 
removed and th e  l u b r i c a t i o n  o f  th e  ro d s  l e f t  to  
d e t e r i o r a t e  to  th e  boundary  f i lm  ty p e .
-  8 -
INERTIA MEASUREMENT.
(a ) R ota tin g  Pa r t s . The P o la r  moment o f  i n e r t i a  o f  
a l l  r o t a t i n g  m asses was d e te rm in e d  by th e  B i f u la r  
S u sp en sio n  m ethod and checked  by c a l c u l a t i o n  where 
p o s s ib l e .  S tro n g  c o rd  su spended  from  a  c r o s s - g i r d e r  
was u sed  to  su p p o r t  a  c a r r i e r  i n t o  w hich th e  o b j e c t  
c o u ld  be c e n te re d  w ith  i t s  l o n g i t u d i n a l  a x i s  v e r t i c a l .  
The le n g th  £  o f  th e  su s p e n s io n  was a p p ro x im a te ly  
10 f t . , b u t t h i s  v a r ie d  w ith  th e  w e ig h t on th e  c a r r i e r .  
The d i s t a n c e  V from th e  a x i s  to  th e  p o i n t s  o f  
a tta c h m e n t o f  th e  c o rd s  was I lib  i\r\., By v ib r a t in g
th ro u g h  a  s m a ll  a n g le  th e  tim e to  com plete 100 
v i b r a t i o n s  c o u ld  be found  to  w ith in  a f r a c t i o n  o f  a 
second  f o r  t h r e e  t r i a l s .
The p o l a r  moment o f  i n e r t i a  I  was th e n  o b ta in e d  from 
u su a l e q u a tio n
t  = 2 t r / .J g ^  —
' v ( W + w )  r 2
w here T * tim e o f  one o s c i l l a t i o n .
M o f  I  o f c a r r i e r  +- II o i I  o f  o b j e c t .
=  1 + 1  
w = w eig h t o f  c a r r i e r .
W = w *' o b j e c t .
The r e s u i t e  o f a l l  r o t a t i n g  m asses a r e  g iv e n  in  th e  
fo l lo w in g  t a b l e :
I n e r t i a  o f  R o ta t in g  M asses.
P a r t .
w e ig h t
l b s .
P o la r  lloment o f  I n e r t i a  
l b .  i n .  sec1.
A rm ature . 47.01 0 . 6 6 0
A rm ature F ly w h ee l. 2 5 .0 0 T.21
P u l le y  F ly w h ee l. 36 .75 2 .6 4
F lan g ed  C o u p lin g . 6 . 9 8 0 .0 9
T7W s p l i t  p u l le y 8 .T 3 0 .8 8 0
5 .4 0 0 .241
n « » n 4 .7 0 0 . T65
C ra n k sh a f t 39.00 0 .4 2 2













C o n n ec tin g  R ods. The e .g .  o f  each  ro d  was o b ta in e d  
by th e  k n i f e  edge t e s t .  F o r  th e  r a d iu s  o f  g y r a t io n  
a b o u t th e  e .g .  th e  ro d s  w ere t r e a t e d  a s  compound 
pendulum s and th e  o s c i l l a t i o n  m ethod em ployed.
S u sp en d in g  th e  ro d  by th e  k n i f e  edge  in  th e  sm a ll end 
b u sh , th e  p e r io d ic  tim e  l o r  100 v i b r a t i o n s  was fo u n d , 
and th e  r a d iu s  o f  g y r a t io n  k  d e te rm in e d  from
2Tf / wher e  X  i s  th e  d i s t a n c e  from  th e  
p o i n t  o f  su s p e n s io n  to  th e  e . g . ,  and  ^  tn e  
g r a v i t a t i o n a l  c o n s ta n t .  R e p e a tin g  th e  p r o c e s s  by 
su sp e n d in g  th e  ro d  on t h e  k n i f e  edge a t  th e  b ig  end 
b u sh , a  s i m i l a r  v a lu e  r o r  k  was fo u n d . AUl f o u r  
ro d s  were t r e a t e d  th u s  and th e  a v e ra g e  o f  th e  e ig h t  
v a lu e s  o f k  was found to  be 1 0 .8 5  in ^ .
R ed u c tio n  o f  C o n n e c tin g  Rod. B e fo re  r e d u c in g  th e
p i s to n  and c o n n e c t in g  ro d  to  an  e q u iv a le n t  p o l a r  moment 
o f  i n e r t i a ,  i t  i s  c o n v e n ie n t  to  s u b s t i t u t e  an  e q u iv a le n t  
d y n am ica l system  f o r  th e  c o n n e c tin g  ro d . The u s u a l  two 
m ass s u b s t i t u t i o n ,  to g e th e r  w ith  a  c o r r e c t i o n  c o u p le  i s  
a d o p te d  in  th e  r e d u c t io n  a s  e x p la in e d  by K e rr* . The 
ro d  i s  th u s  e q u iv a le n t  to  a  m ass Wt r e c i p r o c a t i n g
w ith  th e  p i s t o n  and a m ass r o t a t i n g  w ith  th e
c ra n k p in  such  t h a t  wfu ^  w2v where u  and v  a r e  th e  
d i s t a n c e  o f  th e  m asses from  th e  e .g .  o f  th e  ro d .
T h is , now ever, g iv e s  an  a p p a re n t  moment o f  i n e r t i a  f o r
W
tn e  ro d  a b o u t th e  e .g .  o f  > i n  p la c e  o f  th e
c o r r e c t  v a lu e  W  , w  b e in g  tn e  w e ig h t o f  tn e  
ro d . I t  i s  t h e r e f o r e  n e c e s s a r y  to  in t r o d u c e  a 
c o r r e c t io n  c o u p le  7”— tAv) <j) a c t i n g  on th e  r o d ,
where <j> i s  tn e  a n g u la r  a c c e l e r a t i o n  o f  th e  ro d .
F ig .-4 c  g iv e s  p a r t i c u l a r s  of t h i s  r e d u c t io n .
On tn e  b a s i s  of k i n e t i c  e n e rg y  th e  co m p le te  
p i s to n  l i n e  can now be red u c ed  t o  an e q u iv a le n t  p o l a r
10moment o f  i n e r t i a  u s in g  th e  e x p re s s io n s  g iv e n  by Cormac
9 . K e r r ,  T ra n s . I n s t .  Eng. S h ip . S c o t la n d . T927 -  2 8 .
10. Cormac, "A T r e a t i s e  on E ng ine  B a la n ce  u s in g
E x p o n e n t ia l s ” .
-  to  -
RECIPROCATING* MASSES.
The K in e tic  energy o f  th e  r e c ip r o c a t in g  m asses i s  
^  ^ m u f r 1( € 0 + e ,co s9 +  e 2 cos29 +  e^cosBQ + --------- )
»  i I r < * *
where Jr i s  the e q u iv a le n t  p o la r  moment o f in e r t ia *  
hence JT. “  i n r 2 ( e 0 + e t cos6 -f cos 2 6  -#* cos 3 9 + ----- )
For cran k /con n , rod r a t io  X =  0 -2 'J^ 5  the v a lu e s  o f  
gp , gf , *4 g/c.., are
e, e-z e 3 e s e (. «7.
0-5101 (0 O'14251 -0-50021 -0-14315 -0-0I0I5 0-00147 0 00021 -0-00002
From F ig . 4c the e q u iv a le n t  r e c ip r o c a t in g  m asses are  
1 .? t  lb .  hence th e  e q u iv a le n t  p o la r  moment i s
I r  
lb. in. sec2;j





=  ~  ^  + ^ c o s 2 Q + S j C o s - 4 9 + ------J
= S ^ u v - k * J t J * ( - 0 ' 0 3 <f82 -0*03^0 / cos2Q + 0-OOOJCI cos40
, £  „ -0 -00002  cos fee ----------)
= 4
where Ic  i s  th e  e q u iv a le n t  p o la r  moment o f  in e r t ia  due
to  the c o r r e c t io n  c o u p le . From p a r t ic u la r s  on F ig . 4c
t h i s  becomes :-
I *  I S  — 0* 000 lob — 0 0 0 0 C4 J COS26 +  O'00001 COS 4  9 ------------
lb. in. sec7- J
• ' • I r + I c  L  0 -0 l2 0 <f +  0-0035’b cosd -  0-01315 cos20 -  0 003b0 cos39
lb. in. J
B ig  End R o ta tin g  Mass.  ̂ 0 0 0 2 4 cos4&
1 =  J5£i£? =  1 5 8 “  ° - ° 2 3 '
Hence the p o la r  moment o f  in e r t i a  fo r  the p is to n  and 
co n n ec tin g  rod i s  : -  
Jjt. Ib.in.sec2 ~  0-0352 + 0-003b cos 6 -  0 0132 cos 20 ~ O 003bco$39-0 0002co$49
TORSIONAL RIGIDITIES.
(a ) E xten sion  S h a f t in g . I t  i s  seen  from th e  g e n e ra l  
view  o f  th e  p la n t  in  F ig . 1 and from th e d e t a i l s  in  
F ig . 4 th a t  as arran ged , the main t o r s io n a l  f l e x i b i l i t y  
i s  prov id ed  by the lo n g  1 in ch  d iam eter  s h a f t in g .
-  11 -
R ev ersed  t o r s i o n  t e s t s  w ere c a r r i e d  o u t  on a  15,000 i n .  
l b .  Avery m achine w ith  the o b je c t  o f  d e t e c t i n g  h y s t e r e s i s  
on a l e n g th  o f  1 i n .  d ia m e te r  b a r  from  th e  same m a t e r i a l .  
Prom th e s e  t e s t s ,  w hich a re  r e p o r te d  l a t e r  in  page 4 6 , 
th e  e l a s t i c  p r o p e r t i e s  a r e
6 2M odulus o f  R i g id i t y  12 ,0  x  10 l b .  p e r  i n  .
S h ea r s t r e s s  a t  l i m i t  o f  p r o p o r t i o n a l i t y  13.2  to n  p e r  i n 2 .
The r e d u c t io n  o f  th e  f l e x i b l e  p a r t s  beyond 
th e  p u l l e y  f ly w h e e l ,  F ig .  4 , to  e q u iv a le n t  l e n g th s  o f  
1 i n .  d ia m e te r ,  can  be c a l c u l a t e d  w ith  l i t t l e  d i f f i c u l t y  
s in c e  I t  c o m p rise s  c i r c u l a r  s e c t i o n s .  As th e s e  p a r t s  
a r e  s h o r t  and  r i g i d ,  any  e r r o r s  made i n  th e  a ssu m p tio n s  
w i l l  have  n e g l i g i b l e  e f f e c t  on th e  f i n a l  r e s u l t .
B eg in n in g  a t  th e  c o u n te rsu n k  p in s ,  where th e  s h a f t in g  
f l e x i b i l i t y  i s  assum ed to  f i n i s h ,  th e  f l e x i b i l i t y  
c o m p rise s  t h a t  o f  th e  p u l le y  b o s s ,  f la n g e  o f  th e  s l e e v e ,  
and s le e v e  up to  th e  p i n s .  From th e r e  on to  th e  
a rm a tu re  f ly w h e e l th e  r i g i d i t y  i s  th e  co m p o site  e f f e c t  
o f  t h e  h e a v i ly  keyed s h a f t  and f ly w h e e l b o s s ,  a f t e r  which  
th e  a rm a tu re  s h a f t  i s  s im p le  and s t r a ig h t f o r w a r d .
Reducing to  an  e q u iv a le n t  1 i n .  d ia m e te r  s h a f t  t h i s  i s  
a p p ro x im a te ly  4 .8 9  i n .  from  a rm a tu re  m ass to  th e  f l y ­
w heel and 0 .9 5  i n .  from  th e  f ly w h e e l to  th e  b e l t  p u l l e y .  
Thus th e  two f ly w h e e ls  may be com bined a s  one m ass, 
c o n n e c te d  to  th e  a rm a tu re  by a  l e n g th  e q u iv a le n t  to  5 ,4  i n .
At th e  en g in e  en d , th e  s h a f t  e l a s t i c i t y  in  
th e  f la n g e d  c o u p lin g  w hich h as  d o u b le  k e y s , can  be 
r e a s o n a b ly  assum ed to  be e f f e c t i v e  in  th e  b o s s  f o r  a 
l e n g th  e q u a l  to  th e  s h a f t  d ia m e te r .  The f l e x i b i l i t y  
o f  t h e  c o u p lin g  i s  ta k e n  a s  t h a t  o f  th e  b o ss  s l i g h t l y  
s t i f f e n e d  by th e  f l a n g e .
fb ) C ra n k s h a f t . The c r a n k s h a f t  i s  o f  th e  fo u r - th ro w -  
tw o -b e a r in g  ty p e ,  and i s  r e l a t i v e l y  s t i f f  com pared to  
th e  lo n g  e x te n s io n  s h a f t .  N e v e r t h e l e s s ,  s i n c e  th e  
v i b r a t i o n s  a t  re so n a n c e  would be m ost s e v e re  a t  th e  
c r a n k s h a f t ,  and  im p o r ta n t  dam ping f o r c e s  would a l s o
-  T2 -
a p p e a r  a t  th e  b e a r i n g s , s e v e r a l  p ro b lem s a r i s e  which 
m ust be i n v e s t i g a t e d .  I t  was t h e r e f o r e  c o n s id e re d  
e s s e n t i a l  a t  t h i s  s ta g e  to  exam ine th e  f l e x i b i l i t y  
o f  th e  c r a n k s h a f t  in  d e t a i l .
As shown in  F ig s .  4 and 5 th e  fo rw ard  
J o u rn a l  i s  f i t t e d  in  a  r o l l e r  b e a r in g  1 i n .  lo n g , 
h a v in g  a p u s h - f i t  c le a r a n c e  o f  0 .0 0 0 4  i n .  and th e  a f t  
j o u r n a l  i s  su p p o r te d  in  a  p l a i n  w h ite  m e ta l  l in e d  
b e a r in g  4^ i n .  lo n g  w ith  a  ru n n in g  c le a r a n c e  o f  0 . 0 0 2 5  i n .  
Thus th e  a f t  jo u r n a l  w i l l  have  a  maximum l a t e r a l  d i s p la c e ­
m ent lim its  b e a r in g  o f  th e  o rd e r  o f  0 .0 0 1 3  i n .  w hich 
v a lu e  w i l l  be red u ced  by o i l  f i lm  th ic k n e s s .  I t  was 
d e c id e d  th e r e f o r e  to  m easure th e  t w i s t  w ith  th e  s h a f t  
i n  i t s  own b e a r in g s .
-  E x perim en ta l  -
Method o f  a p p ly in g  T o rq u e . W ith th e  e n g in e  c a s in g  
b o l te d  to  the heavy b a s e p la te , a secure fou n d ation  was 
p ro v id e d . F a c i l i t i e s  w ere a ls o  a v a i l a b l e  f o r  secu r in g  
th e  fo rw a rd  end of th e  sh a ft  to th e  e n g in e  c a s in g  by 
means o f  a f l a n g e ,  keyed to  th e  s h a f t  and  b o lte d  to  the 
c a s in g ,  a s  shown in  F ig .  5 . A t th e  a f t  end th e  to rq u e  
i s  a p p l ie d  a t  th e  o r i g i n a l  f ly w h e e l w hich i s  keyed  to  
th e  ta p e re d  p o r t io n  o f  th e  s h a f t .  S in ce  th e  k eys a r e  
o f  th e  W oodruff ty p e  and a  s l i d i n g  f i t  i s  em ployed in  
each  c a s e ,  th e  le n g th  o f  th e  s h a f t  under torque i s  
e q u a l  to  th e  l e n g th  betw een th e  c e n t r e s  o f  th e  k e y s .
In  o r d e r  to  a p p ly  a  p u re  to rq u e  to  th e  
s h a f t  in  p la c e  a  s p e c i a l  g e a r  had  t o  be a r r a n g e d .
T h is u l t im a te ly  to o k  th e  s im p le  form  shown i n  F ig .  6 .
Two ro p e s  c a r r i e d  by a  wooden beam a r e  a t t a c h e d  to  th e  
c irc u m fe re n c e  o f  th e  f ly w h e e l ,  one d i r e c t l y  and th e  
o th e r  a f t e r  p a s s in g  round  a  b a l l - b e a r i n g  p u l l e y  s e c u re d  
to  th e  b a s e p la te .  The beam i s  c a r r i e d  by a  ro p e  
p a s s in g  o v e r  a  su p p o r t  p u l le y  and i s  b a la n c e d  by a  
s i m i l a r  beam w hich a c t s  a s  a  w e ig h t c a r r i e r .  B oth 
beams a re  su p p o r te d  by p u l le y s  w ith  h o o k -a tta c h m e n ts
Flange bolted to engine casing  ̂
Woodruff key \  ^
Dear mg clearance, 0  0025*
Woodruff key
097 mean 
/  x ZZ5‘
11 meanx ZZ5
C.L. o f  key
497~\-fZ(f-~-20'-
tquivalenf length o f  1 j .dig, shaft, 15 08
Gauge length o f  equivalent 1+ dig shaft, 3 0  08'
J! dia rope
Fig. S. Four- throw -fwo~ bearmy sh a j t  a r ra n g e d
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to  e n su re  f u r t h e r  th e  a p p l i c a t io n  o f  p u re  to rq u e .
The su p p o r t  p u l le y  was se c u re d  t o  a  ro o f  g i r d e r .
Method o f  M easuring. A ngle o f  T w is t . The m ethod a d o p te d  
f o r  o b s e rv in g  th e  a n g le  o f  t w i s t  i s  t h a t  o f  m ea su rin g  
th e  t r a v e l  o f  a  sp o t o f  l i g h t  on a  s c a le  r e f l e c t e d  by a  
m ir r o r  a t t a c h e d  to  th e  s h a f t .  A lthough  th e  fo rw a rd  
end o f th e  c r a n k s h a f t  i s  b o l te d  to  th e  e n g in e  f ra m e f 
i t  i s  n e c e s s a ry  to  f i t  m ir ro r s  a t  b o th  ends in  o r d e r
to  e l im in a te  th e  d e f l e c t i o n  o f th e  fram e i t s e l f .
S
Two p ie c e s  o f  J  i n .  o u t s id e  d ia m e te r  tu b in g  
were em ployed, one f a s te n e d  to  th e  f ly w h e e l an d  th e  
o th e r  fo rw ard  o f  th e  f ix e d  end , a s  shown i n  F ig .  6 .
The tu b in g  was s e t  to  h o ld  a d ju s t a b l e  m ir ro r s  o f  a  
M arten s m ir r o r  e x te n so m e te r  a t  a  s u i t a b l e  d i s t a n c e  
a p a r t  f o r  th e  t e l e s c o p e s ,  and was s t i f f  enough n o t  to  
be a f f e c t e d  by v i b r a t i o n .  The m ir ro r s  were c a r e f u l l y  
s e t  i n  th e  v e r t i c a l  p la n e  p a s s in g  th ro u g h  th e  a x i s  o f  
th e  s h a f t .  Two te le s c o p e s  and s c a le s  were a rra n g e d  
a s  in  th e  M artens e x te n so m e te r  a rra n g e m e n t. The 
d i f f e r e n c e  betw een th e  re a d in g s  from  each  m ir r o r  a t  
each  sm a ll in c re m e n t o f  to rq u e  g iv e s  th e  a n g le  o f  t w i s t  
f o r  t h a t  in c re m e n t on a le n g th  e q u a l  to  th e  d i s ta n c e  
betw een th e  c e n t r e s  o f  th e  k e y s , when m u l t i p l i e d  by th e  
c o n s ta n t  d ep en d in g  on th e  s c a le  d i s t a n c e .
F r i c t i o n a l  E f f o r t . S in ce  th e  m ethod o f a p p ly in g  th e  
to rq u e  in v o lv e s  a f a i r  amount o f  f r i c t i o n  b o th  in  t h e  
p u l le y  g e a r  and in  th e  s h a f t in g ,  a p r e l im in a r y  e x p e rim e n t 
i s  n e c e s s a ry  to  d e te rm in e  th e  law  o f  f r i c t i o n a l  e f f o r t .  
The o n ly  changes made to  th e  a p p a ra tu s  to  a cc o m p lish  t h i s  
w ere th e  f r e e in g  o f th e  s h a f t  a t  th e  fo rw a rd  end and th e  
in t r o d u c t io n  o f  a  s p r in g  b a la n c e  a s  shown in  F ig .  7 . 
O b s e rv a tio n s  were made o f  lo a d s  and  c o r re s p o n d in g  b a la n c e  
r e a d in g s  f o r  p r o g r e s s iv e  s t e p s  o f  20 l b .  lo a d .  S im i la r  
r e a d in g s  were ta k e n  d u r in g  u n lo a d in g . On u n lo a d in g  th e  
r e l a t i o n  betw een th e  lo a d s  and th e  s p r in g  b a la n c e  r e a d in g  
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s p r in g  overcom es th e  f r i c t i o n a l  e f f o r t .  th e  s p r in g  
b a la n c e  had an open s c a le  re a d in g  from  0 to  "500 l b .  , 
and a c a l i b r a t i o n  showed an e r r o r  o f  o n ly  +  0 .2 5  l b .
Two t r i a l s  were made and th e  p l o t t i n g  o f  th e
r e s u l t s  a s  in  P ig . 8 g iv e s  th e  law  o f  f r i c t i o n a l  e f f o r t
a s  : -
L o ad in g  F ~  ° ' 2 0 5  P  + h?0 .
U nload ing  F -  0 - 2 0 5  W +  loO
w here F 1b th e  f r i c t i o n a l  e f f o r t ,  l b .  I n .  and P  and  IV
a re  th e  e f f o r t s  f o r  lo a d in g  and u n lo a d in g  r e s p e c t iv e ly .  
T o rs io n  E x p e rim e n ts . Two t e s t s  were made w ith  th e  
s c a le  d i s t a n c e  changed  in  each  c a s e .  In  each  t e s t  th e  
lo a d  was g e n t ly  a p p lie d  i n  s te p s  o f  20* l b . , and th e  
corresp on d in g  m irror read in gs noted  u n t i l  a to rq u e  was 
o b ta in e d  which was c o n s id e re d  to  g iv e  th e  l i m i t i n g  s a fe  
s t r e s s  on th e  s h a f t .  The lo a d  was ta k e n  o f f  in  s te p s  
o f  20 l b .
The r e a d in g s  w ere reduced, t o  t h e  e f f e c t i v e  
to rq u e  a p p l ie d  to  th e  s h a f t  from  th e  f r i c t i o n a l  e f f o r t  
e q u a t io n .  The f i n a l  r e s u l t  o f  th e  e f f e c t i v e  to rq u e  
i s  p l o t t e d  on a  b a se  o f  a n g le  o f  t w i s t  in  F ig . 9 , where 
i t  i s  seen  t h a t  two e x p e r im e n ta l c u rv e s  a r e  o b ta in e d ,  
one f o r  lo a d in g  and th e  o th er  fo r  u n lo a d in g , b o th  
h a v in g  p r a c t i c a l l y  th e  same g r a d i e n t .
The two c u rv e s  a l s o  show an  a p p a re n t  i n i t i a l  
t w i s t  b u t t h i s ,  how ever, d o es  n o t  e x i s t .  S in c e  o n ly  
th e  g r a d i e n t  o f  th e s e  c u rv e s  i s  r e q u i r e d ,  a  c o r r e c te d  
l i n e  can  be drawn th ro u g h  a e ro  t o  r e p r e s e n t  th e  g r a d i e n t  
f o r  b o th  c u rv e s .  Thus th e  e x p e r im e n ta l  r e la t io n  betw een  
th e  e f f e c t i v e  to rq u e  and th e  a n g le  o f  t w i s t  f o r  th e  gau g e  
l e n g th  betw een th e  c e n t r e s  o f th e  keys may b e  ex p ressed  
by 0 — O'ISZO  d egrees per 1 ,000  lb .  i n .  to rq u e . 
CRANKSHAFT BY ANALYSIS. In  order to  determ ine the  
e f f e c t s  o f  c o n s t r a in e d  l a t e r a l  d is p la c e m e n t o f  th e  
jo u r n a l s  f o r  th e  ex trem e c o n d i t io n s  o f no  c o n s t r a i n t  and
i£ -
i ■ f
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o f  co m p le te  c o n s t r a i n t  a t  th e  b e a r in g s ,  an a n a l y s i s ,  which 
i s  a  d evelopm en t o f  t h a t  used  by Timoshenko11 f o r  th e
sim p le  cran k , i s  g iv en .
B efore th e  a n a ly s is  cam be accom plished , i t  
w i l l  be assumed th a t  the a c tu a l  cran k sh aft has been 
red u ced  to  a s im p lif ie d  form c o n s is t in g  o f  p la in  webs, 
Jou rn als and p in s  as shown in  P ig . TO. These red u c tio n s  
w il l  bn d is c u sse d  l a t e r .  For th e  s im p lif ie d  form the  
fo llo w in g  term s are used  
0  =  .MJ . 7 where C = ^\J \
C„ =  C  J  -  Z t-d T  C, =  t o r s io n a l  r ig i d i t y  o f  eq u iv a len t
0 O 32 " s h a f t  o f diam eter <L and
le n g th  l o .
C = C .T  *  I J  r
1 ' 32 ' ^  =  t o r s io n a l  r ig id i t y  of jo u rn a l.
Ct =  CJ ax t o r s i o n a l  r i g i d i t y  o f  o u t e r
*2 * c r a n k p in .
C3 =  = i i  s  to r s io n a l  r ig i d i t y  o f  cen tre
c ra n k p in .
Cf =  =  to r s io n a l  r ig i d i t y  o f  the ou ter  web tw is t in g
about 0,0, . This rec ta n g u la r  c r o s s -
s e c t io n  i s  a r b i t r a r i ly  chosen w ith  s id e s  r and 
c to  take approxim ate account o f th e  lo c a l  
y ie ld in g  o f  the webs a t  the Juncture o f  the  
p in s  and webs.
r *  r *
Z  =  c ' r
£
J .  «
-+ 3-&/c,2 + r 2J
Cs  =  C,JS ~  t o r s i o n a l  r i g i d i t y  o f  th e  I n s id e  webs a b o u t
<ir)'
+ torf]
C ‘ =  t o r s i o n a l  r i g i d i t y  o f  web, t w i s t i n g  a b o u t  fa fa •
*  *4 Again th e  c r o s s - s e c t i o n  i s
r e c t a n g u l a r  h av in g  s i d e s  ht and  C, , hence
s t i ,
J *  ‘ +a,*;
Cs «= t o r s i o n a l  r i g i d i t y  o f  web t w i s t i n g  a b o u t  fa f a -
C2
J s  3 < , [ c ;  +  h i ]
f l e x u r a l  
c ra n k p in .
L * 2 /
6  =  E l  =  7 Z d  £  =  r i g i d i t y  o f  th e  o u t e r
2 2 6-4 2 ------
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 ̂ 3^f • (//j Lengths J-or bending.
Fig. 13 . Stntjplified $haj-t aborting lengths fo r  (f) /"wishing 
-i-p - ms and bending  of  webs and (H) bending of f in s  
final hritshng of rtebs.
%
J^d4 EL4 >U{% C
—. f l e x u r a l  r i g i d i t y  o f  t h e  i n n e r  c r a n k p in .
E l .  ) *= f l e x u r a l  r i g i d i t y  o f  o u t e r  webs w ith  
3 y r e s p e c t  to  bend ing  in  p la n e  b b, 
htC, E  p e r p e n d i c u l a r  to  p la n e  o f  f i g u r e .
= ” - " P la n e  ^
c r o a s '*s e c t i o n a l  a r e a  o f  o u te r  p i n .
F̂  =  11 as « •* »f c e n t r e  p i n .
^  /?/ X £, ~  c r o s s - s e c t i o n a l  a r e a  o f  o u t e r  weo ta k e n  on 
0t 0 t .
~  c r o s s - s e c t i o n a l  a r e a  o f  in n e r  web ta k e n  on 
0*0* .
F, =  r x  C. ~  assumed c r o s s - s e c t i o n  o f  o u t e r  web ta k e n  on 
F  = ( 2 r ) x c a =  assumed c r o s s - s e c t i o n  o f  i n n e r  web ta k e n  on
K k .
T w is t  o f  F re e  S h a f t . -  No B e a r in g  R e s t r a i n t  - P ig .  11 
shows a  d iag ram m atic  s k e tc h  o f  th e  c ra n k sh a f t ,  w i th  
t w i s t i n g  moments M a p p l i e d  a t  th e  c e n t r e  l i n e  o f  th e  
J o u r n a l s ,  and P ig .  1 1 a ,  g iv e s  a s id e  v iew  o f  t h e  deform ed 
s h a f t .  The t o t a l  t w i s t  o f  th e  h a l f  s h a f t  4  to  f  
c o n s i s t s  o f  th e  sum o f  t h e  a n g u la r  d e fo rm a t io n s  o f  th e  
p o r t i o n s  a t ,  be t c d  and e f  . The J o u rn a l  and 
p i n s  a r e  s u b j e c t e d  to  p u re  t o r s i o n  w h ile  th e  webs a r e  
m ere ly  u n d e r  th e  i n f lu e n c e  of ben d in g .
The a n g le  o f  t w i s t  f o r  eacli p o r t i o n  i s  th e n
=  M a f Ci ; eL  *  ; ecd *  MqJ c
w h ile  th e  a n g u la r  d e f l e c t i o n  due to  th e  ben d ing  o f  each
2
web i s  e q u a l  to  t h e  a n g le  betw een th e  t a n g e n ts  to  the 
c u rv e  o f  f l e x u r e  a t  i t s  ends. S ince the bending moment
Fig. II . F ree s h a f t  under f u r e  to rq u e .
i s  e q u a l  to  th e  t w i s t i n g  moment M and i s  c o n s t a n t  a t  
e a c h  c r o s s - s e c t i o n ,  t h e  c u rv e  o f  f l e x u r e  o f  th e  web i s  a  
c i r c l e .  The t o r s i o n a l  d i s p la c e m e n t ,  when th e  web i s  
c o n s id e r e d  a s  a beam o f  l e n g th (  i ) 2 r  and (ii) r , i s  
th e n  : -
d" =  • a " -  M r
be Bs  ’ * *
R educing  t h i s  t o  an e q u iv a le n t  s h a f t  o f  u n ifo rm  d ia m e te r
h a v in g  th e  same t o r s i o n a l  r i g i d i t y  where Q0 = M€0
C 0
we g e t  : -
, f o r  h a l f  _  + « l  +  K -  +  j L  +  2 r  j r
a ft ,  a ho f  I  C3 C 2 c *  C , B s  Bsh
L a t e r a l  D e f l e c t i o n  o f  J o u r n a l s  f o r  F r e e  S h a f t ,
The l a t e r a l  d e f l e c t i o n  o f  th e  J o u r n a l s  due to  to r q u e  on 
t h e  f r e e  s h a f t  i s  e a s i l y  o b ta in e d  by c o n s id e r in g  th e  
e f f e c t  on th e  J o u r n a l s  due to  e ac h  component p a r t .
Thus f o r  th e  h a l f  s h a f t
(1 ) th e  t w i s t  o f  t h e  c e n t r e  p in  c a u s e s  a
l a t e r a l  d i s p la c e m e n t  a t  t h e  J o u rn a l  o f  \
3
f2 ) th e  t w i s t  o f  t h e  o u t e r  p in  c d  c a u s e s  a
l a t e r a l  d i s p la c e m e n t  a t  t h e  J o u r n a l  o f  -f- M<tiJ£/£^ ;
(3) th e  b en d ing  o f  t h e  c e n t r e  web be and  th e  t w i s t i n g  
a b o u t  c a u s e s  no l a t e r a l  d i s p la c e m e n t  a t  th e  
J o u rn a l  ;
(4 )  th e  b e n d in g  o f  th e  o u t e r  web d e  and  th e  t w i s t i n g  
a b o u t  0, Of c a u se s  a  l a t e r a l  d is p la c e m e n t  a t  th e  
J o u r n a l  o f  +  M r / f f and +  r e s p e c t i v e l y .
The n e t  l a t e r a l  d e f l e c t i o n  o f  t h e  J o u r n a l s  f o r  
t h e  com ple te  s h a f t  i s  th en
2 i  =  Wr* +  2  MrI-%-  -  + k .
^  £ ^ 2  ^3  2  Cjf,
o c c u r r i n g  i n  a  p la n e  p e r p e n d i c u l a r  to  th e  p la n e  o f  th e  
th ro w .
E f f e c t  o f  Com plete B e a r in g  R e s t r a i n t . I f  t h i s  l a t e r a l  
d i s p la c e m e n t  i s  r e s t r a i n e d  by th e  b e a r i n g s ,  a d d i t i o n a l  
f o r c e s  and c o u p le s  a r e  i n t r o d u c e d ,  in v o lv in g  a  f o r c e  A 
and a moment Mf a t  each  J o u r n a l ,  a c t i n g  in  the  p la n e
F . 12 . S h a ^ f  under jp u r e  to rq u e  wiH i com plete  
b e a r i n g  c o n s t r a i n t ,
M = A k
7 z z
A(k*r)  ̂ A(â
ACk-r)A(k+r)
A (k + f ) (^ ^ \  A(k-r) [^ ^ A(â
o
Maz+fy r f ' ̂ , «,  ̂ < 2 2"










M -A k =H
e ' f
Fig. 17. Cj. F o rg e s  £ o u jb/es or? eac-/? con\j^on^nt.
(3 ) P in  c -d .
Cl) T orsion  o f  o in  =  ( W ~ A r )  a,  _  _  _ _  (,0)
2 C 2




j d ,  +  a [ {a ^ r /?2) + fl,fa2+ / i 2) i  - —(if)
( H i )  Shear o f  p in  =  X h  <At
2 ^ F 2
(4 ) WeD d - e
(1 ) T w ist o f  web {Afai +  tl2 +  <*, +  r    , \
2  c ;  U
(iz)
( i i )  Bending o f  web ■/
=  A/*r -  MAr2 + M V )  _  ^
( i l l )  T orsion  o f  web about 0,0, =  /?, _  _  ^
2
( iv )  Shear o f  web ss _  __ _  (/(,)
The s t r a in  energy o f  th e  h a lf  sh a ft  a  to  e  i s  then  th e
sum o f  the terms C3) to  ( 16) .
C on sid erin g  com plete c o n s tr a in t  a t  the  b e a r in g s , 
the d isp lacem en t due to  A I s  z e r o , and th e r e fo r e l £ .  — o  
& f i •
D if f e r e n t ia t in g  the s t r a in  energy and s u b s t i tu t in g  M * = M , 
we o b ta in : -  K = ~
{f +i£
, - t- jhT  , r* . rh, . yaa 2 r  y/i-t , fa . . *  . y/r,
• >*•/ • ,  O  '  yf /*  * r -  '  y - r -f  S* S’  C  ^  y- r-3 8+ -4<t r£<? q / p  < ; £
 HC2 2 0
A lso , s in c e  0  > the a n g le  o f  tw is t  5  =  .
dM
D if f e r e n t ia t in g  and e x p r e ss in g  A in  terms o f K T we o b ta in : -
-  20 -
o r  from th e  e q u i v a l e n t  l e n g t h  i s
= r . ( ,+ 'k)<>*+ 2 r +  K  + ( l ~ x ) a' +  r h _ r _ ) +  (l ~‘zk )^ > ___
a k e  L ^  Bs Cs C2 a  I *kj C 
J
These r e s u l t s  were checked  by a p p ly in g  th e  s lo p e  
d e f l e c t i o n  method to  each  component. Complete ag reem en t 
was o b t a i n e d .  F o r  th e  c o n d i t i o n  of no b e a r in g  c o n s t r a i n t  
k  — c>°  o r  A =  0  . Hence, t h e  s u b s t i t u t i o n  o f  c>o
i n  (18a)  r e d u c e s  t h a t  e q u a t io n  to  t h e  e x p re s s io n  (1) f o r  
th e  f r e e  s h a f t .
S i m i l a r l y  t h e  f a c t o r  f o r  t h e  s i n g l e - th r o w -
tw o -b e a r in g  s h a f t ,  i f  c o m p le te ly  r e s t r a i n e d ,  can  be 
d e te rm in e d  from e q u a t io n  (17) by  s u b s t i t u t i n g  and 
h?. -  O and a p p ly in g  t h e  f o r c e  A a t  th e  p la n e  
p a s s i n g  th ro u g h  th e  c e n t r e  o f  p in  C(f . T h is  r e d u c e s  
e x a c t l y  to  T im o sh e n k o 's11 fo rm u la .
R e d u c t io n  o f  s h a f t  to  s i m p l i f i e d  fo rm . R e d u c t io n s  t o  a  
s i m p l i f i e d  f o r a  m ust be made b e fo r e  th e  e q u a t io n s  a r e  
a p p l i e d .  Some o f  th e  s i m p l i f i c a t i o n s  u sed  a r e  a r b i t r a r y -  
su ch  a s  d i s p e n s in g  w i th  fa c in g s  and s l i g h t l y  in c r e a s in g  
t h e  J o u r n a l s  and p i n s  to  account fo r  th e  lo c a l  y ie ld in g  
in  t h e  webs a t  t h e i r  p o i n t  o f  J u n c tu r e .  Such e f f e c t s  
c a n n o t  be d e te rm in e d  e x a c t l y  owing t o  t h e  ch anges  i n  
s e c t i o n  and d i r e c t i o n ,  b u t  c e r t a i n  p o i n t s  which a c t  a s  a  
g u id a n c e  may be n o te d .
For i n s t a n c e ,  i n  o r d e r  to  d e te rm in e  th e  v a lu e  o f  th e  
b e a r i n g  r e s t r a i n t  c o r r e c t l y ,  I t  w i l l  be n e c e s s a r y  t o  
r e t a i n  t h e  same l o n g i t u d i n a l  s p a c in g ,  i . e . ,  t h e  d i s t a n c e  
from  th e  p o i n t  #  , F ig .  11. t o  t h e  c e n t r e  l i n e  o f  webs
m ust be th e  same a s  i n  t h e  a c t u a l  c a se  so a s  t o  c o v e r  
e x a c t l y  th e  b e n d in g  o f  p i n s  and th e  t o r s i o n  o f  webs.
In  t h i s  c a s e ,  t h e r e f o r e ,  t h e r e  w i l l  be two s e t s  o f  
d im e n s io n s  to  be a p p l i e d  s im u l ta n e o u s ly  i n  th e  e q u a t io n s ,  
one fo r  the tw is t in g  o f  the p i n s  and the bending o f the 
w ebs, and th e  o t h e r  f o r  th e  b end ing  o f  the  p i n s  and th e  
t w i s t i n g  o f  th e  webs. The two s e t s  a r e  shown i n  F ig .  13.
The s l i g h t  s t i f f e n i n g  e f f e c t  due to  th e  e n la rg e m e n t  o f  th e
11. l o c .  c l t .
•  21 -
h
c e n t r e  p in  a t  #  h a s  a l s o  been re d u c e d  to  an e q u iv a l e n t  
l e n g t h  o f  u n ifo rm  d ia m e te r .
C a l c u l a t i o n s  -  S h a f t  V a lu es .
C =  & -< C c  = 0 .9 2 0 8  x 11.8 x 106 = 10.87 x 106 l b .  I n 2 ;
° 32 °
A  = 1.75 i n .
= TO.87 x TO6 l b .  i n 2 b2 a 1 3 .8  x
t 6TO l b .  in ^
a " X w fl »* B* a " X
tt »i n
a " X Tt m rt B-4 a 2 7 .6  x
tt tt tt
a 47 .0  x ft ft tt Bs = 31 .3  x
n tt ti
a 145.0 x fl *» H 2
p . a 2.41 i n .— 5 .6 8  x ft 11 f»
f 3 a w tt
a 7 .9 5  x tt ft
9
K a 2 .1 8
t»
n a 2 .4 8
«
a 5 .3 5 tt
Fs a t o .  70 «
The c o e f f i c i e n t  if = 1 . 2
From e q u a t io n  f17) th e  v a lu e  o f  k  becomes 285 .0  i n . ,  
hence  f o r  c o m p le te  c o n s t r a i n t  th e  e q u iv a l e n t  l e n g t h  
be tw een  th e  b e a r in g s  becomes 2  — 15.072 i n .  o f  1 .75  i n .
d i a m e te r  s h a f t .  A lso  f o r  u n c o n s t r a in e d  c o n d i t i o n ,
2  t Q =  15.090 i n .
Gauge L en g th  o f  S h a f t .
E q u iv a le n t  l e n g t h  betw een b e a r in g s  = 15.08 i n .  o f  I f  i n .
d ia m e te r  s h a f t .
Forw ard  J o u rn a l  = T .2 5 + 0 .T5  in .  = 1.40 i n . o f  1-J i n .
d ia m e te r  s h a f t .
E x te n s io n  t o  c e n t r e  l i n e  o f  key = 1 .25  i n .  o f  I# i n .
d ia m e te r  s h a f t .
= 7 .3 2  i n .  o f  1$ i n .  d i a m e te r  s h a f t .
A f t  J o u r n a l  = 5 H- 0 .1 5  i n .  = 5 .1 5  i n .  o f  i f  i n .  d i a m e te r
  s h a f t .
A f t  J o u r n a l  to  c e n t r e  l i n e  o f  key = 0 .9 3  i n .  s h a f t
h a v in g  t a p e r  1 .75 to  1 .o  i n .
a  1 ,13  i n .  o f  l i  i n .  d ia m e te r  s h a f t .
.*. Gauge l e n g t h  o f  e q u iv a l e n t  s h a f t  = 30 .08  i n .  o f  !$• i n .
d ia m e te r  s h a f t .
Hence M l M x  30-08
10-87 x 10*
-  22 -
o r  $  = 0 - 1 5 8 5  d e g re e s  p e r  1 ,0 0 0  l b .  i n .  t o r q u e .  (19)
A p l o t  o f  t h i s  r e s u l t  on th e  g ra p h  o f  e x p e r im e n ta l  
v a lu e s  P ig .  9 shows t h a t  th e  c u rv e s  p r a c t i c a l l y  c o in c id e .  
L a t e r a l  D e f le c t i o n .  S u b s t i t u t i n g  th e  s h a f t  v a lu e s  in  
e q u a t io n  (2 )  t h e  n e t  l a t e r a l  d is p la c e m e n t  o f  t h e  j o u r n a l s  
f o r  th e  co m p le te  s h a f t  i s  0 .000232  i n .  p e r  1 ,000  l b .  i n .  
t o r q u e .  The e f f e c t  o f  t h i s  d is p la c e m e n t  w i l l  b e  r e f e r r e d  
to  l a t e r .
E q u iv a le n t  S h a f t . I t  w i l l  be n o t i c e d  t h a t  w i th  com ple te  
c o n s t r a i n t  th e  c o n se q u e n t  in d u ced  web to rq u e  i s  m ere ly  
2 .3 5  p e r  c e n t ,  o f  th e  to r q u e  a p p l i e d  a t  th e  J o u r n a l s .
T h is  s m a l l  e f f e c t ,  a s  i n d i c a t e d  by th e  com ple te  a n a l y s i s ,  
h a s  l i t t l e  o r  no  i n f l u e n c e  on t h e  t o r s i o n a l  r i g i d i t y .
On f u r t h e r  r e d u c t io n  t h e  l e n g t h  o f  th e  c r a n k s h a f t  betw een 
t h e  b e a r in g s  i s  found  t o  be e q u iv a l e n t  to  1 .6 0 7  i n .  o f  1 i n .  
d i a m e te r  s h a f t  so t h a t  a l l  p i s t o n  l i n e s  w i l l  v i b r a t e  i n  
p h a s e  and t h e  e n g in e  m ass can be c o n s id e re d  c o n c e n t r a te d  
a t  t h e  e n g in e  c e n t r e  l i n e .  The rem aining p o r tio n  o f  
s h a f t  from th e  J o u r n a l  to  t h e  c o u p l in g  i s  e a s i l y  
r e d u c i b l e  and th e  f i n a l  r e d u c t io n  o f  th e  com ple te  e l a s t i c  
sy s te m  i s  shown in  P ig s .  4a and b .
f-
T V
oU. 3 85 lb in. see
*
O-OIOg'
Man H- tfe.lati'/c flmjphtuJe
Motor. ' 1 0, ^ -0 -1 5 2 0
flyrtheelsi 02 = - 0 1 4 5 8
Fncjine. 3 9} = + l o o o o
SJz
c'44
o toSW  - 0 051QCOSZ6
M d S S  Sy$hen« M . l A fp.
a$ three mass system  
N a tu ra l  Fre^ueney I. n o d e  H 2 3 v ^ m .
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f r a fu en c j. 1 node / « b l 5 ' 5  V■ jp m n* 72-8 radjscc,.
Mass X . 1 ^ .
f̂ efa. h\/e 
a 1 < tnJe
e,
rad tan
X n r 0
iy*n
H I n - 0
lb in
* r = F£
fUmlrad
± I * ke
N° lb in.see.
F
*  J e .
fiUtor. /. Obb 35oo1 f 0 0 0 0 35oo 35oo
------f  —i
2 1%'ltlO* 0 OKeOZ
Ffyrthuls 2 3 S5 2 0,410 0 1 M o 2 0,100 23, boo 8 -4 * to 2 8\
fuiUy. 3. l i b 4 3 3 0t - l -8 2 b o - 1 7 0 5 0 (0 , 5 5 0 153 Oxio 0 0428 .
6 ^ in e  4
i m 1 ■ i
Obb 3 5 0 0 - i t b t * -  fa,540 + 10.
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Maas A rrangem en ts  and F requency  C a l c u l a t i o n s .
T hroughou t t h e  e x p e r im e n ts  th e  mass a t  t h e  
m otor was k ep t c o n s ta n t , but. in  order to  vary the s h a ft  
f r e q u e n c i e s ,  s p l i t  p u l l e y s  were f i t t e d  a t  t h e  e n g in e  end . 
The fo l lo w in g  n o t a t i o n  i s  a d o p te d  f o r  the ' various mass 
sy s tem s : -  
Mass A rra n g em en t .
N o ta t io n .
No p u l l e y s  f i t t e d  a t  e n g in e  end. |*f/ 
t2  i n .  diam . p u l l e y  « •» « *
11 and  12 i n .  diam . " • » « • • » .  jvfj
17 i n .  diam p u l l e y  " " " " M-4.
2 -  17 i n . "  " * » n n M 5 .
To i n c l u d e  th e  number o f  p i s t o n s  i n  each  
schem e, t h e  c o r r e s p o n d in g  s u f f i x  i s  added, e . g .
; Ml . 2 j s .  etc..
W ith v e ry  c lo s e  r e d u c t io n  i t  i s  p o s s i b l e  to  
re d u c e  th e  M l  g ro u p  t o  e q u i v a l e n t  th re e -m a s s  sy s tem s .
The ex trem e c a s e  Ml i s  shown i n  P ig .  M . The
f r e q u e n c i e s  a s  a  th re e -m a s s  sys tem  a re
One n ode  v i b r a t i o n  : -  1123 v .p .m . and two node  v i b r a t i o n  : 
5950 v .p .m .
In  t h e  one node v i b r a t i o n  th e  r a t i o  o f  a m p l i tu d e s  a re  :
—  = t  .042  and ■&- *  6 .8 6
ft*
T r e a t in g  a s  a  two-m ass sys tem , w ith  m asses  C1) and (2) 
com bined,
(oO I 1^50 x 5*/7
t - 2 TTJ 4 . 5 1  K 0  (oSqS
Raho of" amjal 1 thde$  ■ g ~ —■ 0'L5^8
=  1123 V.Jaw. as ab o ve .
'2
I t  i s  o b v io u s  t h e r e f o r e  t h a t  th e  assum ption o f  a two- 
mass system  i s  j u s t i f i e d .
In  t h e  re m a in in g  g ro u p s ,  i t  Was m ost c o n v e n ie n t  
t o  f i t  th e  p u l l e y  m asses  c lo s e  to  t h e  c o u p l in g  on t h e  
s i d e  f u r t h e s t  away from t h e  e n g in e ,  a s  shown i n  P ig .  4b. 
T h is  s l i g h t l y  m o d i f ie s  t h e  c o n d i t i o n s  a t  t h e  e n g in e  end 
and  w i th  c lo s e  r e d u c t io n  a  fo u r-m a ss  system  i s  p o s s i b l e .
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l"d<a shaft F -  $ 1 4 0 - 8 1 2 5
lb- infrad.
Mass Sy stem M.3.
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“dm. shaft. F= 8ISO ~ 8!bo M U/* 
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Fig. lb E<£u ivale.nl' Tmo -  Mass S ys tem s
Torsional Vibrahon Forms.
Mass A rrangewe*/s as EqiAivalcnh T\no- A/ass 5ys/fems.
Frequencies hi 4 ss rah os and relahv t am p litu d e
Tabic . I• /. Piston S eries.






























M.2. iff. 0 1152 5 -U I4b 8 0 1 0 104 2 i - m
M.3. iff. Q'lboZ A -7 14 4 1 8 l4 o 1t*l 1-213
an .  tf>. 1-4342 3-14 143-1 8180 830 1-311
U.S. ,b 2 3142 1-15 142-1 8280 I 02 I 5I3.
Table. 2 2  Piston Scries .
Mass at Motor End. I ^  — A ’51. lb in. sec*.
Ml. iff. 0-5814 1 4 5 148 H b o 1191 I-I3I
Ml if? 09304 5-44 14b - / 8010 1024 I-I84
M i if? 0■ 1154 4  53 . 144-1 8l4o 154 I-2ZI
M.A. if?. I 4  b*i4 3 o l 144 o 8180 821 l-iZt,
M.S. i f . 2-3414 1-12 14‘i-x 82 80 b 1 l I-52I
Table 3 Piston 5e rie 5 .
Mass a t Motor End Im  * A -S l  lb ain.sec.
M.I. i f Obz4b 7 22 f4$ H b o II52 1131--------- f---
M2, if? 0-8b5b S-l t l4<o-l 80bo too l 1112
Mi. if? lo iob 4 -37 1450 8I30 131 I-228----- :-- f---
M4 if? l-5o4b 3 0 144-1 8rj0 8I4 I-333------:-- f---
Ms iff 1 3 8 4 b 1-81 14 2 3 8215 bib 1-521
Table A  . A  Piston Series.
Mass a t  Motor End Im = 4-5!  lb in. sec2
Ml. 4 b 04 5 1 8 b-94 149 l l b o II23 I- I4b—f--
M l.A b 0-1008 5-01 t4t> Z 80bo 110 I-20
M3Aj? 1 Ob58 4  23 145-1 8115 12 b t u b
M 4 4 f 1-5318 2 13 144 Z Slbo 808 I-34I---- --- f--
ME 4 k 2-4118 l i b s I4Z-4 8215 b13 I 53b
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T aking  t h e  ex trem e c a se  M 5 . A ^ . 7 t h e  f i n a l  
c a l c u l a t i o n  o f  fun dam en ta l  f r e q u e n c y  i s  g iv e n  in  t a b u l a r  
form in  F ig .  15 . The f req u e n cy  o b ta in e d  i s  695 .5  v .p .m .
Hence th e  two-mass system  i s  a g a in  q u i t e  ap p rox im ate  as  
r e g a r d s  f r e q u e n c ie s  and a m p li tu d e  r a t i o s .
r i g i d i t i e s  e t c . ,  f o r  th e  e q u iv a le n t  two-mass sys tem s a r e  
g iv e n  in  t a b l e s  1 to  4 , f o r  a l l  th e  m ass a r ra n g e m e n ts ,  
and th e  a m p li tu d e  r a t i o s  a re  i n d i c a t e d  i n  F ig .  16.
T orque  C a l c u l a t i o n s .
In  th e  m otor d r iv e n  system , t h e  im p o r ta n t  
p e r i o d i c  t o r q u e s  a r e  s t im u la te d  a t  th e  e n g in e  by th e  
i n e r t i a - r e s i s t a n c e  o f  t h e  r e c i p r o c a t i n g  m asses  and th e  
c o n n e c t in g  r o d s .  P e r i o d i c  v a r i a t i o n s  due to  g r a v i t y  
e f f e c t s  and e n g in e  f r i c t i o n a l  to rq u e  a l s o  a r i s e ,  and 
a l th o u g h  t h e i r  e f f e c t s  a r e  g e n e r a l l y  sm a ll  i t  i s  n e c e s s a r y  
t o  exam ine t h e i r  r e l a t i v e  v a lu e .  I t  i s  c o n v e n ie n t  to  
e x p re s s  a l l  th e  to rq u e  e f f e c t s  a s  a  F o u r i e r  s e r i e s .  The
r e d u c t io n  o f  t h e  i n e r t i a  and g r a v i t a t i o n a l  to rq u e s  to  t h i s
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form i s  g iv e n  by Cormac , K err  , e t c .  , f o r  a  c o n s t a n t  
sp eed  o f  r o t a t i o n  and may be s t a t e d  b r i e f l y  a s  f o l l o w s : -
f a ) I n e r t i a  t o r q u e  due to  R ecip r o c a t i ng  M ass.
7-= — H t f v d y r  i n  which V  i s  t h e  p i s t o n  v e l o c i t y .
f  TBF
E x p ressed  in  s e r i e s  form t h i s  becomes :
and the ratio- o f  the am plitudes i i -  =  1 86
As a two-mass system , ta k in g  the eq u iv a len t
m asses a t  th e  e . g .  o f  th e  m asses a t  e i t h e r  end , th e
f re q u e n c y  becomes : -
The
The com ple te  l i s t  o f  f r e q u e n c i e s ,  mass r a t i o s ,
9 . 10 . l o c .  c i t .
-  25 -
The c a l c u l a t e d  v a lu e s  f o r  t , } t 2 , , & c.,  f o r  th e
c r a n k /  conn, ro d  r a t i o  \  *  0 - 2 " ] 5  a r e  :
t % t ts t %
0 -0~J 17 5 -0-50011 -0 -2154} -0-02030 0-003(,(, 0 -000^2 -0-00001
I n e r t i a  Torque due to  C o n n ec tin g  Rod.
By a d o p t in g  th e  two-mass s u b s t i t u t i o n  and c o r r e c t i o n  
c o u p le  a s  e x p la in e d  i n  page 9 ,  th e  i n e r t i a  to rq u e  o f  th e  
rod  on th e  c r a n k s h a f t  can be o b ta in e d .  Thus th e  to rq u e  
due to  th e  e q u iv a l e n t  r e c i p r o c a t i n g  mass i s  g i* en  by equ . 
f20)  w h ile  th e  c o r r e c t i o n  c o u p le ,  e x p re s s e d  as a c r a n k s h a f t  
t o r q u e  becomes :
t,  - - $ ( k * - u v ) Q --------------------------M
r
For = 0 .2 7 9 5  e q u . (21) becomes :
7^ =s 0*03^0151*29 +  0-00\5<\ Sin49 -  0-000048 sin &9----- ^
(c )  d r a v l t y  T o rq u e s .
S in c e  t h e  c r a n k s h a f t  i s  d y n a m ica l ly  b a la n c e d ,  
g r a v i t a t i o n a l  t o r q u e s  a r e  due o n ly  t o  t h e  p i s t o n  and 
c o n n e c t in g  ro d .  F o r  th e  r e c i p r o c a t i n g  mass th e s e  become :
J  =  W r(s i /1 8 +  0-1 4 2 ?  s in 29 -  O-OQiS i in 48  + ------------- J
and f o r  th e  r e v o l v i n g  mass o f  th e  c o n n e c t in g  ro d
t h e  g r a v i t a t i o n a l  t o r q u e  i s  v ^ rs in O  .
S u b s t i t u t i n g  t h e  v a lu e s  o f  th e  e q u iv a l e n t  
r e c i p r o c a t i n g  mass and c o r r e c t i o n  coup le  a s  g iv e n  i n  
F ig .  4 c .  th e  r e s u l t a n t  to r q u e  due t o  a  s i n g l e  p i s t o n  
l i n e  i s  : In crh a  +  Gras/if-j =
T  -  .«r  t  0’0 0 l8 s in 9  — 0-0132 Sirt26 -  0 -0 0 5 4 sm 3 0  — 0- 000$
+  J l S l s m O  + 0-S1S  s/m 26 -  O-OOS^ s in 4 8  + ~ lb. m.
The o r d e r s  co n ce rn ed  i n  th e  i n v e s t i g a t i o n  a r e  
t h e  2nd and 3 rd ,  and f o r  speeds  ra n g in g  betw een 300 and 
600 r . p .m .  t h e  g r a v i t a t i o n a l  e f f e c t s  a r e  o f  no co n seq u e n ce .
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( d )* Sti&lne F r i c t i o n a l  T o rq ue .
The f r i c t i o n a l  r e s i s t a n c e s  a t  th e  e n g in e  
a f f e c t i n g  th e  to rq u e  a re  due to  t h e  p i s t o n  r i n g s ,  s i d e  
t h r u s t  on th e  c y l i n d e r  w a l l s ,  gudgeon and c ra n k  p i n s  
and main b e a r i n g s .  When th e  e n g in e  was r u n n in g ,  t h e  
l u b r i c a t i o n  o f  th e  p i s t o n ,  gudgeon and c ra n k  p i n s  
u l t i m a t e l y  became I m p e r fe c t  and in  a  l a t e r  i n v e s t i g a t i o n ,  
r e f e r r e d  to  i n  page 50 , t h e  r e l a t i v e  v a lu e s  o f  th e  s l i d i n g  
f r i c t i  on c o e f f i c i e n t s  and p e r i o d i c  f r i c t i o n a l  to r q u e s  were 
o b t a i n e d .
F o r  t h e  2nd and 3 rd  o r d e r s  th e  f r i c t i o n a l  
to rq u e s  were found  to  be
i n  which th e  l a t t e r  b r a c k e te d  te rm  i s  t h a t  due to  the  
p i s t o n  r i n g s .  There i s  t h e r e f o r e  a  a l i g h t  m o d i f i c a t io n  
to  t h e  main i n e r t i a  te rm s  a t  sp eed s  i n  th e  r e g io n  o f  
300 r . p .m .  due to  th e  p i s t o n  r i n g s  b u t  a t  600 r .p .m ,  th e  
e f f e c t  i s  q u i t e  n e g l i g i b l e .  I t  i s  th u s  seen  t h a t  th e  
main p e r i o d i c  e f f e c t s  to  be c o n s id e re d  a r e  th o s e  o f  i n e r t i a
S q u a t io n s  o f  M o tio n .
Two-mass System
The m otor i s  c a l l e d  upon to  d r i v e  a g a i n s t  
f r i c t i o n a l  r e s i s t a n c e s  and e n g in e  i n e r t i a .  L e t  th e  
mean r e s i s t a n c e  be c a l l e d  K and l e t  1^ and  I e 
be t h e  moment o f  i n e r t i a  o f  th e  m otor and e n g in e  m asses  
r e s p e c t i v e l y  and be  th e  e q u i v a l e n t  moment o f I n e r t i a
o f  t h e  p i s t o n  l i n e .  From page 10.
I  Jo =s^0'0352 +  0 0036 cos 0 — 0 013*2 cos26 — 0-OO3&cos$Q —
A lso  l e t  0m and 0« be th e  a n g u la r  d i s p la c e m e n ts  a t  th e  
m o to r  and e n g in e  ends  o f  t h e  s h a f t  and l e t  F be i t s
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t o r s i o n a l  r i g i d i t y .  Then [j- T and V be th e  k i n e t i c  
and p o t e n t i a l  e n e r g i e s  o f th e  v i b r a t i n g  sy s te m , s u b s t i t u t i o n  
i n  th e  L agrange12 e q u a t io n
Mw) ~ it + Je = TmfrreseJ Forces - - -H
g iv e s  the  e q u a t io n  o f  m otion which on f u r t h e r  r e d u c t io n  
may be w r i t t e n  as fo l lo w s
I « « , -  K -  F ( » » - * . )
I e 0e +[o-OZS Z +  OOOikcosd -  001} 2 Cos20 -0-003l>co$30 jH e
-  ~ K  ~ H ee ~ 6*!) + ^[o-OOIgsind -0-0132%m2B—0-0054 Sm 20—  ~ j
-  M
These e q u a t io n s  c o m p le te ly  e x p re s s  th e  m otion  o f  th e  
m otor and e n g in e .  On the  r i g h t  hand s id e  o f  t h e  second  
e q u a t io n  i t  w i l l  be n o t i c e d  t h a t  th e  c o e f f i c i e n t s  deduced 
in  t h i s  manner a g re e  w ith  th o se  o b ta in e d  f o r  th e  
r e s u l t a n t  i n e r t i a  to r q u e  g iv en  on page  2 5 .
A lso ,  s in c e  mean a p p l i e d  to rq u e  K ss mean 
r e s i s t i n g  to rq u e  K ,  must c o n ta in  a
c o r r e s p o n d in g  p a r t  e q u a l  to  K , which r e p r e s e n t s
t h e  mean t w i s t  o f th e  s h a f t  due to> th e  mean d r i v i n g  to r q u e .
L e t  th e  m o tions  be r e p r e s e n te d  by f l u c t u a t i o n s  a b o u t  a  
c o n s t a n t  a n g u la r  v e l o c i t y  &  , th e n
8. =  u r t  +  c< +  % ]f------- (24)
6 e  =  u f r  +  y  J
where ek i s  t h e  c o n s t a n t  a n g u la r  t w i s t  betw een 
and Oq and i s  such  t h a t  ZcA ~  K • ~X. and
r e p r e s e n t  t h e  t o r s i o n a l  o s c i l l a t i o n s .
S u b s t i t u t i n g  e q u . (24) i n  e q u . (23) th e  e q u a t io n s
o f  m o tio n  become
I * *  +  H x - $ )  =  0
( j e + 0-0352 +0 00}l>a>s0- O-OI32eos20-OOO3(> c.t»36------
+  F(tf-x) =  ( u + i j )  (o-00lg sihB -  O-OI37sir>20- O-OO54sm30—-)
---------------- (2 s)
12. T im oshenko, V ib r a t io n  P rob lem s in  E n g in e e r in g ,  p . p .  119.
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D is c u s s io n  o f  th e  E q u a t io n s .
No; g e n e r a l  s o l u t i o n  has  been e s t a b l i s h e d  f o r  
t h i s  ty p e  o f  e q u a t io n  even c o n s id e r in g  th e  i n e r t i a  o f  
th e  m o to r m asses to  be i n f i n i t e  and methods o f  
a p p ro x im a t io n  m ust be a d o p te d .  By s u b s t i t u t i n g  a  new 
in d e p e n d e n t  v a r i a b l e ,  d e te rm in e d  by e  •== uoi  th e  e q u a t io n  
o f  m o tion  can be red u c ed  to  th e  a p p ro x im a te  form : -
i n  which r e p r e s e n t s  th e  a n g u la r  o s c i l l a t i o n  and 9 
t h e  c ra n k  p o s i t i o n .  By c o n s i d e r i n g  sm a ll  o s c i l l a t i o n ® ,  
an a p p ro x im a te  s o l u t i o n  o f  t h i s  e q u a t io n  h a s  been
th e  p e r i o d i c  v a r i a t i o n  in  t h e  i n e r t i a  te rm , t h e r e  i s  a 
ra n g e  o f  i n s t a b i l i t y  in  th e  v i c i n i t y  o f  th e  f i r s t  o r d e r  
r e s o n a n c e  c o n d i t i o n ,  b u t  f o r  a l l  o t h e r  c r i t i c a l ®  t h e r e  
i s  p r a c t i c a l l y  no  ran g e  o f  i n s t a b i l i t y  b u t  o n ly  a 
d e f i n i t e  c r i t i c a l  sp e ed .  This a p p e a rs  to  h o ld  even 
f o r  v e ry  l a r g e  r e c i p r o c a t i n g  m asses a s  r e p r e s e n te d  by 
t h e  r a t i o
e x p e r im e n ts  th e  ex trem e v a lu e  o r  •gp i s  o n ly  u .o S ^hence  
f o r  th e  second and t h i r d  o r d e r  c r i t i c a l s  i t  i s  r e a s o n a b le  
t o  su p p o se  t h a t  t h e r e  w i l l  be no d i s t o r t i o n  o f  th e  m otion  
due to  I n e r t i a  v a r i a t i o n  and f o r  th e s e  c r i t i c a l s  i t  i s  
s u f f i c i e n t  to  a p p ly  t h e  s im p le  mean i n e r t i a .
a r e  l a r g e  and th e  c o n se q u e n t  change in  th e  i n e r t i a  f o r c e s  
c a n n o t  be ig n o r e d .  As a f i r s t  a p p ro x im a t io n ,  how ever, 
i t  i s  n e c e s s a r y  to  c o n s id e r  th e  v i b r a t i o n s  s m a l l .  Thus, 
t h e  f r e e  v i b r a t i o n  e q u a t io n s  may be ta k e n  as
i * *  +  ? ( * - $ )  -  0
-  F ( x - y )  =  /V * smnuft. J
S ince  th e  o s c i l l a t i o n s  a re  m easured a t  th e  e n g in e  end ,
i t  i s  n e c e s s a r y  to  o b t a i n  th e  v a lu e  o f  .
E l im in a t in g  X from th e s e  e q u a t io n s  g iv e s
13. Q-oldsbrough. Proc_^_Rgjk_Jiag.>—KaLi—gXLLLi—
d e v e lo p e d  by G o ldsb raugh*^ . He co n c lu d ed  t h a t ,  due to
In  th e  sy s tem s a d o p te d  f o r  t h e  p r e s e n t
In  th e  v i c i n i t y  o f re s o n a n c e  th e  o s c i l l a t i o n s
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I m l e
i  +  ( 4  +  J ej y  =  P a s m . n u l t l I  -
S o lv in g  f o r  th e  a m p li tu d e  o f  o s c i l l a t i o n  a t - t h e  en g in e
becomes
Y  = ---------- 7— L------------- — — c—  -  -  -  -  ( a )
1 - ( i . + i f
I f  t h e  n a t u r a l  f r e q u e n c y  i s  —  , th e n  £  =  ^  X j _
^  1 * 1 *
S u b s t i t u t i n g  and r e d u c in g  equ. f28) f i n a l l y  g iv e s  
Amplitude ^  ■
a t  e ™  =  ( V i -  z &   M
J  ^ U 7  — k
i s  i n f i n i t e  equ . (29) r e d u c e s  to  s ta n d a rd  form .
M o d if ied  I n e r t i a  T orqu e .
U sing  th e  v a lu e  o b ta in e d  from equ . f29) i n  t h e  
v i c i n i t y  o f  r e s o n a n c e ,  th e  in e r t ia ,  to rq u e  may b e  c o r r e c t e d  
f o r  th e  e f f e c t  o f  l a r g e  a m p l i tu d e s  o f  v i b r a t i o n ,  and a 
f u r t h e r  ap p rox im ation  o b ta in e d  f o r  t h e ’ r e s u l t i n g  m otion .
The v a lu e  o f  th e  m o d if ie d  i n e r t i a  to rq u e  a t  re s o n a n c e  
c o n d i t i o n  may be c a l c u l a t e d  a s  fo l lo w s
The m otion  a t  th e  second o r d e r  c r i t i c a l  speed  
w i l l  b e  0̂  =  w t + y  cos 2 w it} hence  s u b s t i t u t i n g  
f o r  i n  th e  e x p re s s io n
(tiif (o 001$sin 6 -  Q 0 m s i n 2 B  -  0 -0 0 S 4 sin 3 9  -  0 0 0 0 S s in 4 9 --------J
- f r o m  equ . ( 2 3 ) - t h e  c o r r e c t e d  second  o r d e r  i n e r t i a  to rq u e  
becomes : -
— 0-0132 U?*Sin2i0ft — 0 -0 3 ^ 5  u r V h i» i  2  icrf. lb. i n . jse r  jp iston .
S i m i l a r l y  t h e  c o r r e c t e d  t h i r d  o r d e r  i s  t -  
-0 -0 0 5 4 o /s in iu f t  — 0-03(>t sin3 hit. lb-in. per piston
■ -  30 -
The Measurement o f  th e  T o r s io n a l  O s c i l l a t i o n .
The t o r s i o n a l  o s c i l l a t i o n s  were r e c o r d e d  by 
a s t a n d a r d  G e ig e r  t o r s i o g r a p h .  T h is  in s t r u m e n t  c o n s i s t s  
o f  a  l i g h t  p u l l e y  and a heavy f ly w h e e l ,  mounted c o n c e n t r i c a l l y  
on t h e  same a x i s ,  and co n n ec ted  to  each  o t h e r  by means o f  a 
f l e x i b l e  s p i r a l  s p r i n g .  The l i g h t  p u l l e y  i s  d r iv e n  by a 
s h o r t  s t i f f  b e l t  from th e  s h a f t  and fo l lo w s  th e  s h a f t  
v i b r a t o r y  m otion  e x a c t l y ,  b u t  th e  heavy f ly w h e e l ,  b e in g  
d r i v e n  by th e  f l e x i b l e  s p r in g ,  r o t a t e s  a t  p r a c t i c a l l y  
u n ifo rm  v e l o c i t y ,  p ro v id e d  th e  f re q u e n c y  o f  th e  t o r s i o n a l  
o s c i l l a t i o n s  i s  w e l l  above th e  n a t u r a l  f re q u e n c y  o f  t h e  
i n s t r u m e n t .
The r e l a t i v e  m otion  betw een th e  p u l l e y  and th e  
f ly w h e e l  i s  t r a n s m i t t e d  th ro u g h  a l e v e r  system  to  a  p e n ,  
which t r a c e s  a r e c o r d  o f  i t  oh a  s t r i p  o f  p a p e r  d r iv e n  
by c lo ck w o rk . A ran g e  o f  m a g n i f ic a t io n  o f  th e  o s c i l l a t o r y  
m o tio n  o f  th e  s h a f t  i s  a v a i l a b l e .  The c lockw ork  can be 
s e t  a t  v a r i o u s  sp e ed s  and from a t im in g  v i b r a t o r  i n  
c o n ju n c t io n  w i th  a  r e v o l u t i o n  m arking  d e v ic e ,  th e  a v e ra g e  
speed  f o r  any p a r t i c u l a r  r e v o l u t io n  can be c a l c u l a t e d .
In  th e  p r e s e n t  e x p e r im e n ts ,  th e  r e v o l u t i o n  
m ark in g  d e v ic e  was o p e r a te d  from a s im p le  e l e c t r i c  c o n t a c t ,  
s i t u a t e d  a t  th e  top  o f  No. 4 c y l i n d e r ,  a s  shown i n  P ig .  4b. 
m aking c o n t a c t  o n ly  a t  th e  top  dead  c e n t r e  o f  t h i s  c y l i n d e r .  
Thus a  co m p le te  c y c le  was i n d i c a t e d  on th e  t o r s i o g r a p h  
r e c o r d .  At sp eed s  above 450 r .p .m .  t h i s  dead, c e n t r e  
t im in g  f a i l e d  to  o p e r a t e  r e g u l a r l y  w ith  t h i s  s im p le  c o n ta c t  
and an  a t t e m p t  was made to  f i t  an  I n s u l a t e d  r i n g  to  th e  
s h a f t  h a v in g  one h a l f  o f  th e  c ir c u m fe re n c e  co p p er  and 
th e  o t h e r  m ica . T h is ,  how ever, was o n ly  m o d e ra te ly  
s u c c e s s f u l  and was f i n a l l y  d i s c a r d e d ,  p a r t i c u l a r l y  a s  a 
co m p le te  c y c le  was c l e a r l y  i n d i c a t e d  on t h e  v i b r a t i o n  
r e c o r d  I t s e l f ,  and a  speed  c a l c u l a t i o n  t h e r e f o r e  c o u ld  
be a c c u r a t e l y  d e te rm in e d .  As a  p r e c a u t i o n a r y  m ea su re ,  
sp e e d s  were a l s o  o b se rv ed  from a ta c h o m e te r .
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The t im in g  v i b r a t o r ,  h a v in g  a  f r e q u e n c y  o f  
1 ,500  p e r  m inu te  was o p e ra te d  e l e c t r i c a l l y .
O e ig e r  t o r s i o g r a p h  b e l t i n g  was employed and w ith  
t h e  in s t r u m e n t  s e c u re d  to  a  wooden b a s e  s u i t a b l y  p la c e d  
a t  th e  r e c o r d i n g  p o s i t i o n  as  shown i n  P ig .  2 ,  t h e  b e l t  
c e n t r e s  were a p p ro x im a te ly  21£ i n .  A wooden p u l l e y  o f  
a b o u t  6 in c h  d ia m e te r  had been f i t t e d  a t  th e  fo rw a rd  end 
o f  th e  c r a n k s h a f t  to  d r iv e  th e  t o r s i o g r a p h ,  b u t  t h e  
o s c i l l a t i o n s  were 30 l a r g e  th a t  th ey  cou ld  n o t  be r e c o rd e d  
from t h i s  p u l l e y .  To keep t h e  v i b r a t i o n s  w i th in  th e  
l i m i t s  o f  th e  i n s t r u m e n t ,  t h e  b e l t  d r iv e  had to  be ta k e n  
from  such  p o s i t i o n s  a s  t h e  s t e e l  c e n t r e  o f  t h e  p u l l e y  and 
th e  1 In c h  d ia m e te r  s h a f t ,  a f t  o f  th e  e n g in e .
Method o f  r e c o r d i n g  th e  T o r s io n a l  O s c i l l a t i o n s .
The r e c o r d in g  oT th e  o s c i l l a t i o n s  f o r  any 
p a r t i c u l a r  e x p e r im e n t  was c a r r i e d  o u t  by t a k i n g  c o n t in u o u s  
d iag ra m s  and s lo w ly  i n c r e a s i n g  th e  speed  o f  th e  m o to r  in  
u n ifo rm  s t e n s  th ro u g h o u t  th e  com plete  sp eed  range  a v a i l a b l e .  
An e x a m in a t io n  o f  th e  d iag ram s showed t h a t  i t  was o n ly  
n e c e s s a r y  to  i n v e s t i g a t e  th e  2nd and 3 rd  o r d e r  c r i t i c a l  
s p e e d s ,  so p a r t i c u l a r  a t t e n t i o n  was g iv en  to  th e s e  
c o n d i t i o n s .
On r e p e a t i n g  t h e  r e c o r d s  i n  th e  v i c i n i t y  o f  
r e s o n a n c e ,  th e  speed  o f  th e  m otor was a g a in  i n c r e a s e d  
v e ry  s lo w ly  by s t e p s ,  and when th e  in s t ru m e n t  was r e c o r d in g  
th e  maximum a m p l i tu d e ,  an a t t e m p t  was made to  s u s t a i n  th e  
m o to r  a t  t h a t  mean sp e ed .  With r e a s o n a b le  c a r e ,  th e  f i n e  
r e s i s t a n c e s  c o n t r o l l i n g  speed  e n a b le d  t h i s  to  be a c h ie v e d
to
and th e re b y  a l lo w e d  th e  a m p li tu d e  t o  b u i l d  up^a maximum 
v a l u e ,  which may be ta k e n  to  r e p r e s e n t  th e  u l t i m a t e
c o n d i t i o n s  a t  r e s o n a n c e .
In  a l l  e x p e r im e n ts ,  th e  c r i t i c a l  sp e ed s  were 
ap p ro a ch e d  b o th  from a low er  and  a h i g h e r  speed .
In  c a s e s  where t h e  r e c o rd e d  a m p l i tu d e  was s m a l l ,  
a n o th e r  r e c o r d  was t a k e n ,  th e  pen o f  th e  in s t r u m e n t  b e in g  
r e s e t  f o r  a  h i g h e r  m a g n i f i c a t i o n .
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E x p e r ie n c e s  w i th  p l a n t .
P r e l im i n a r y  E x p e r im e n ta l  Work.
The v i b r a t i o n s  were more s e v e r e  th an  
a n t i c i p a t e d  and breakdown o f  t h e  o r d in a r y  p in c h in g  
p i n s  and s a d d le  keys  a t  th e  c o u p l in g s  r e s u l t e d .
T h is  was overcome by making a l l  keyways and p i n s  
c o u n te r s u n k  and o f  a more ro b u s t  d e s ig n .  The r e v i s e d  
f i t t i n g s  p ro v ed  s u c c e s s f u l  in  w i th s ta n d in g  the  most 
s e v e re  o s c i l l a t i o n s ,  and th e r e  was no e v id e n c e  o f  
s l i p  h a v in g  ta k e n  p l a c e .
On r e c o r d in g  t h e  v i b r a t i o n s  a t  v a r io u s  
p o s i t i o n s  a lo n g  t h e  s h a f t ,  i t  was fo u n d , by com paring  
th e  maximum a m p l i tu d e  r a t i o  w ith  th e  mass r a t i o  o f  th e  
e n g in e  and m oto r m asse s ,  t h a t  f a l s e  r e c o r d s  were 
o b ta in e d  a t  th e  e n g in e  due to b e l t  s l i p  on th e  g lo s s y  
s u r f a c e  o f  t h e  sm a ll  d ia m e te r s  when t r a n s m i t t i n g  l a r g e  
o s c i l l a t i o n s .  To surm ount t h i s ,  a d h e s iv e  t a p e  was 
c a r e f u l l y  wound round  th e  G e ig e r  d r iv e  p o s i t i o n s  and 
an  e x a m in a t io n  o f  t h e  re so n a n c e  v i b r a t i o n  form c a r r i e d  
o u t  w i th  th e  o b j e c t  o r  v e r i f y i n g  th e  r e c o r d s  o b ta in e d .
The mass a rran g em en t u sed  i n  t h i s  
i n v e s t i g a t i o n  was M l . l p ,  and th e  p a r t i c u l a r  p i s t o n  
employed was No. 4 w i th  r i n g s .  T o rs io g ra p h  r e c o r d s  
were ta k e n  a t  th e  fo rw a rd  and a f t  ends o f  th e  en g in e  
and a l s o  a t  th e  m otor f ly w h e e l  a s  shown by p o s i t i o n s  
JL,B and E on P ig .  4. As o n ly  one in s t r u m e n t  was 
a v a i l a b l e ,  r e p e a t  ru n s  had to  be made a t  th e  d i f f e r e n t  
p o s i t i o n s .  B e fo re  r e c o r d s  were ta k e n  th e  a p p a r a tu s  
was ru n  f o r  some t im e  to  e n a b le  the  l u b r i c a t i n g
c o n d i t i o n s  to  become s t a b l e .
S t r i p s  o f  th e  r e c o r d s  showing maximum 
a m p l i tu d e s  a t  re so n a n c e  a r e  g iv e n  i n  P ig .  17» from 
which th e  fo l lo w in g  r e s u l t s  a r e  o b ta in e d
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P?Sltion .
Maximum resonance amplitudes.
2 — order . 3 ^  order  .
i t  degree r.b .m . i  degree. r.jein.
Forward of Engine. A. ITS
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The r e c o r d s  ta k e n  a t  the  en g ine  show v e ry  good 
ag reem en t and th e  a m p li tu d e  r a t i o s  i n d i c a t i n g  re so n an c e  
v i b r a t i o n  form a re
Enr n t  «  ! ± 1 _ =  s . 3 0  Q„d  ± 3 1  m g.4 o
Motor amplitude. . l’%8 O'5 ^
The corresponding mass ratio is .*—  M otor masses g, (j^
Engine masses I
F u r t h e r  r e c o r d s  were ta k e n  a t  v a r io u s  p o s i t i o n s  on th e
s h a f t  a b o u t  th e  no de , and th e s e  a r e  a l s o  g iv e n  i n  F ig .  T7.
P l o t t i n g  th e  maximum a m p l i tu d e s  on a b a se  o f  d i s t a n c e
a lo n g  th e  s h a f t ,  F ig .  18, th e  p o s i t i o n  o f  th e  node from
th e  e . g .  o f  th e  m otor m asses i s  found  to  be 15 3  tn.,
a g a i n s t  l b' I  /n .7 by c a l c u l a t i o n .
The a v e ra g e  n a t u r a l  f re q u e n c y  from th e  r e c o r d s
i s  1208 v .p .ra .  w h ile  th e  c a l c u l a t e d  v a lu e  i s  1215 v .p .m .
S i m i l a r l y  mass system  M3 .  I p . ,  was exam ined , th e
t o r s i o g r a p h  r e c o r d s  b e in g  g iv e n  l a t e r  In  F ig .  19. The
(see f i j . (oz).
r e s u l t s  o b ta in e d  were : -
P o s i t io n  .
Maximum resonance  
amplitudes. 2 r3  order.
Forward o-f Engine A. t  to-31  ° 4 to
/If mofor flyw heel P . t  1 -44° 417..
The a m p l i tu d e  r a t i o  i s  ^  > an(  ̂ 103,83 r a t i o
4 ' Y l  . The a v e ra g e  n a t u r a l  f re q u e n c y  from the
r e c o r d s  i s  952 v .p .m . and by c a l c u l a t i o n  987  v .p .m .
From t h e s e  p r e l im in a r y  r e s u l t s  a t  r e s o n a n c e ,  
i t  i s  c o n c lu d ed  t h a t  th e  t h e o r e t i c a l  two-mass v i b r a t i o n  
form  i s  fo l lo w e d  q u i t e  c l o s e l y ,  and t h a t  w ith  t h e  
p r e c a u t i o n s  ta k e n  f o r  th e  b e l t  d r i v e ,  th e  t o r s i o n a l
o s c i l l a t i o n s  can  be a c c u r a t e l y  r e c o rd e d .
If of teorf
" 9 U t j  ? J r f t + » J j  t*9jwn0j
l o u t v p  TtVHVUOfiy *AY\\M\TLV\̂
P a r t I I .
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INYESTIftATION OF OSCILLATION ABOUT STEADY MOTION.
(  ̂  ̂ Im portance o f  L u b r ic a tio n .
E a r ly  e x p e r im e n ts  during , t h e  e x p l o r a t i o n  
o f  th e  a p p a r a tu s  showed t h a t  l u b r i c a t i o n  o f  th e  w h i te  
m e ta l  main b e a r i n g  o f  the  eng ine  was im p o r ta n t  in  t h e  
c o n t r o l  o f  a m p l i tu d e  a t  re s o n a n c e .  N orm ally  t h i s  
b e a r i n g  was f o r c e d  l u b r i c a t e d  by a  pump, g e a r - d r iv e n  
from  t h e  c r a n k s h a f t ,  b u t  t h i s  was d is m a n t le d  f o r  
s i m p l i c i t y  i n  en g in e  ru n n in g  g e a r  and  g r a v ity  o i l  feed  
s u b s t i t u t e d .
B e fo re  a p p ly in g  th e  g r a v i t y  fe e d , t r i a l  
ru n s  were c a r r i e d  o u t ,  m a in ly  f o r  t h e  p u rp o se  o f  
e s t i m a t i n g  th e  ra n g e  o f  th e  a p p a r a tu s .  At th e  
commencement o f  th e s e  r u n s ,  t h e  b e a r i n g s ,  b ig  en d s ,  and 
p i s t o n s  were g iv e n  a c o p io u s  su p p ly  o f  o i l .  I t  was 
o b se rv e d  on c o n t in u o u s  ru n n in g  t h a t  when o p e r a t in g  a t  
re s o n a n c e  th e  maximum a m p l i tu d e s  f o r  th e  same c r i t i c a l  
speed  were a t  f i r s t  m odera te  th e n  in c r e a s e d  in  v a lu e  
u n t i l  a f t e r  some t im e  a  f i n a l  maximum v a lu e  was re a c h e d
w hich c o u ld  be r e p e a t e d  t h e r e a f t e r .
T h is  b e h a v io u r  seemed to  s u g g e s t  t h a t  due 
to  th e  l i m i t e d  su p p ly  o f  o i l  to  a l l  s o u rc e s  a t  t h e  e n g in e ,  
and g e n e r a l  d e c r e a s e  i n  v i s c o s i t y  due to  warming up , th e  
f i lm  c o n d i t i o n s  had d e g e n e ra te d  to  a  c o n s t a n t  s t a t e  o f  
g r e a s y  f r i c t i o n  r e s u l t i n g  i n  a red u c ed  damping e f f e c t .
W ith th e  l i g h t  lo a d s  i t  was q u i t e  s a f e  to  run  f o r  lo n g
p e r i o d s  a s  t h e r e  was no s ig n  o f  o v e r h e a t in g .
C r a n k s h a f t  Main B e a r in g .
With g r a v i t y  f e e d  t o  th e  main b e a r i n g ,  
how ever, and  th e  same g e n e r a l  o i l i n g  o f  the  p i s t o n s  
and  b ig - e n d s  th e  re so n a n c e  a m p l i tu d e s  rem ained  q u i t e  
m o d e ra te  and t h e r e  was no a p p r e c i a b le  i n c r e a s e  a f t e r  
c o n t in u o u s  ru n n in g .
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31g-Snd Bea r i n g .
The e f f e c t  o f l u b r i c a t i o n  o f  th e  b ig -e n d  
b e a r in g  a t  th e  c ra n k p in  was i n v e s t i g a t e d  and in  o r d e r  to  
i n t e n s i f y  t h e  e f f e c t s ,  th e  g r a v i ty  fe e d  to  th e  e n g in e  
m ain b e a r in g  was rem oved, and th e  same i n i t i a l  o i l i n g  was 
g iv e n  to  the  p i s t o n s .  S p la sh  l u b r i c a t i o n  o f  th e  b ig -  
en d s was a r r a n g e d  by f i t t i n g  th e  o r i g i n a l  o i l  t ro u g h  
in to  w hich th e  b ig -e n d Ad ip p e d . In  th e  norm al d e s ig n , 
th e  o i l  tro u g h  was s u p p lie d  c o n tin u o u s ly  from  th e  fo rc e d  
f e e d  sy s te m , and a s  t h i s  had been rem oved th e  su p p ly  to  
th e  c ra n k p in  b e a r in g  and tro u g h  was m a in ta in e d  i n t e r ­
m i t t e n t l y  by a  s y r in g e .
A f te r  c o n tin u o u s  ru n n in g  th e r e  ap p ea re d  to  
be no d e f i n i t e  change in  th e  maximum re so n a n c e  a m p litu d e  
from  th e  p r e v io u s  t r i a l s  w ith  im p e r fe c t  l u b r i c a t i o n  a l l  
o v e r .  I t  was th o u g h t,  how ever, t h a t  th e  s p la s h  
l u b r i c a t i o n  a s  a r ra n g e d  was i n e f f e c t i v e  and w ith  
c o n t in u a l  d is m a n t l in g  was n o t  a lw ays c o n s i s t e n t ;
The gudgeon p in s  w ere i n a c c e s s ib le  w h ile  
ru n n in g  so t h a t  g re a s y  f r i c t i o n  w i l l  e x i s t  a t  a l l  t im e s , 
b o th  on a cc o u n t o f  in a d e q u a te  o i l  su p p ly  and t h e  ty p e  
o f  m otion  ta k in g  p la c e .
P i s t o n s .
W ith th e  c y l in d e r  head  rem oved, o i l  c o u ld  
be p o u red  i n to  th e  c y l in d e r s  w h ile  th e  m achine was 
ru n n in g . The p i s to n s  protrude beyond th e  c y l in d e r  body 
and pu sh  th e  e x c e s s  o i l  o u t  o f  th e  c y l in d e r .  Thus th e  
o i l  su p p ly  to  th e  c y l in d e r  w a l ls  i s  r e a l l y  m a in ta in e d  
by th e  t r a c e  p ic k e d  up a g a in  by th e  p i s to n  a t  to p  dead  
c e n t r e .
A f te r  c o n tin u o u s  o p e ra t io n  and ren ew al 
o f  o i l  su p p ly  to  th e  p i s t o n s  w h ile  ru n n in g , i t  was 
o b se rv e d  t h a t  a l th o u g h  s l i g h t  v a r i a t i o n s  in  re so n an c e  
a m p litu d e  to o k  p la c e  th e r e  was no> d e c id e d  change in  
maximum a m p litu d e  from  th e  p re v io u s  t r i a l s .
- 36 -
T h is  was ta k e n  to  mean t h a t  I f  a  f i lm  d id  
form  a t  m id - s tro k e ,  i t s  e f f e c t i v e n e s s  a s  a  so u rc e  o f 
v is c o u s  damping was d im in ish e d  by th e  f r i c t i o n a l  work 
done upon i t ,  i n  c o n ju n c tio n  w ith  th e  h e a t  r e c e iv e d  
from  th e  c y l in d e r  w a l l s .
C o n c lu s io n .
F o r th e  a p p a r a tu s ,  a s  a r ra n g e d , o n ly  s l i g h t  
v a r i a t i o n s  r e s u l t e d  from  changes in  th e  p i s to n  and th e  
b ig - e n d  c o n d i t i o n s ,  b u t  marked changes i n  am p li tu d e  
o c c u rre d  w ith  changes in  th e  m ain b e a r in g  l u b r i c a t i o n .
Hence i n  th e  su b se q u e n t e x p e r im e n ts , a t t e n t i o n  was g iv e n  
to  th e  l u b r i c a t i o n  c o n d i t io n s  p a r t i c u l a r l y  a t  th e  main 
b e a r in g .
E x p e r im e n ta l P ro c ed u re  and Range o f  T e s t s .
*• Im p e r fe c t  L u b r ic a t io n  S e r i e s .
f a )  The e f f e c t  o f  d i f f e r e n t  p i s t o n s  was 
i n v e s t i g a t e d  on m ass-sy stem  Ml- lj^* . Each p i s to n
was t r i e d  s in g ly ,  and  in  o rd e r  to  o b ta in  l a r g e  a m p li tu d e s , 
th u s  em phasising , th e  e f f e c t s ,  g r a v i ty  fe e d  was removed 
from  th e  m ain b e a r in g .  The p i s to n  and b ig -e n d  were 
g iv e n  an i n i t i a l  su p p ly  o f  o i l  b u t  b e fo re  t a k in g  r e c o rd s  
th e  a p p a ra tu s  was run  f o r  a  c o n s id e r a b le  tim e  to  a llo w  
th e  l u b r i c a t i o n  to  d e g e n e ra te  to  th e  g re a sy  f i lm  ty p e  
and to  e n s u re  s i m i l a r i t y  in  c o n d i t io n s .  In  a l l  e a s e s  
th e  p i s t o n s  w ere f i t t e d  w ith  t h e i r  r i n g s .
T o rs lo g ra p h  re c o rd s  were ta k e n  a t  p o s i t io n  8 ,  
F ig . 4 , a f t  o f  th e  e n g in e , s e v e r a l  r e c o rd s  b e in g  ta k e n  
a t  r e s o n a n c e . T ra c in g s  o f r e p r e s e n ta t iv e  s t r i p s  o f  th e  
r e c o r d s  a re  g iv en  in  F i g s .  20 to 24, f o r  th e  speed  ra n g e . 
The r e c o r d s  c h o se n , r e p r e s e n t  th e  maximum a m p litu d e s  
a t t a i n e d  a t  re s o n a n c e .
(b ) S im i la r ly  th e  tw o, t h r e e  and f o u r  
p i s t o n  a rra n g e m e n ts  on th e  Ml. ,  m ass-system  w ere exam ined. 
F o r th e  two p i s t o n  s e r i e s ,  p i s to n  Nos. 1 and 4 , and Nos.
3 and 4 w ere em ployed g iv in g  th e  e f f e c t  o f i n - l i n e  and
v w v w w W W l
i 'l l
-"7s
; 1 * I 
M a A M A a a A




■'wwwwWVWW\T 407 r.k*. i^orJcr r tio ^ c tXL * ---------  / —— ----------------------------------- '
double 4mjp I2& >*ht. quiValcnt 
to t  0 Q815 rad,*n a r t  5 02°
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Fij/ 2.0 . Series ). Piston K-*4\ 
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e q u iv a le n t  to  — 0'0&br<x<A
o r i-  -7 73° 3«e









 -wvaAAAAAAAAAAT bOQ r.b.m. 2*1  ̂ order
■ - y ^ -  —  »----------------------1
double a*nfj. /‘f-Ontn. 
equivalent to jZQ'tqq radian
or ~  l('*4-0 .
r.jb.w_________ ^ g r  ''•brahon j-orn* investigate
e  $2
wwwwWW /WWWIAAMsi 0 sys.1 «•£ 1 ~Ts1 1 r 1
\AAA/WV\A/\ s/n/\A/nAaa/w'
423 r.jb-m. 6&0 r.|b.*n
Fig.lt . Sena N° I. Imperfect Lubrication . Afas$ System M.L ijp. 
Paton lj~ - 4 . w<̂A rings .
7or$ioqr<al?h jpOSthon. S. MaqntflCGh&ti | . ^
*■*■' • ■'*—'* *    * ■ "1 /  ■ 1 1 "*IJ . ' - ' * ..-• - •:-■ - '









400 r jp fH 3^  order, 






A W W V W l
15
572
w w v W V V V W
^ /divalent- to t  0 OS'l rad
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F/^.22  . Se,rtes M- !. Ityjycr^c^h Lub~_
M ass s y s te m  M l. ijp. H -  L p i s t o n
w ith  n n gs . Tors t o j  rajah p o s *  B . .
£
< ^ / g .  / - 2 i T  M a jy n j- ic .a h o H  X
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rtrxy s  . Torsipgraph p o s -  B. 
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Imjperj-cct Lubric.ahon
M<\$$ system  M .lAljp.
Pis ton Iand4. with n n js
T o rs to d ra jp h  jpoS- B  . d u x  I ' 2 5
 ̂ ; . ; 3»
P'tAjmj'ica t'o n  / \
55% r.jLun .
W
S$% r.jp.m 2*5^ o r d e r  
d o u b le  a** jo. 2 - 4  tfmm. 
eyun/alent to — G’2.(>2 nxcf’.
'n/vaAAAAAAA/V
b<3 2 rb.w.
v w w w \ A / { ^ /
631 r.p*n.
F̂ . 24 . Series N- I. Imjper̂ect Lubncatto*i
A/aS5 S y s te m . M . l . 2 j p. f i s to n  H ~  3  a n d -4  w ith  r in g * .
« 3Tors',o g ra f t  position & . /'SMT. Mâicahô T .
4 - o j ^  
'VWWVAA/^
/ o - t
v/V \a A/'AA>
3 7 ^ . m
4 o % ^
/ o  i
3<?5 r.jp.w. 3 ^ order, doubha-ijz 
£ 2i*.*\. equivalent to ± 0-0 544> rad
w v w \ A ^ y
/(?•(?
4 * 2  r . £ * t .
v \> ^ y \/C ^ A A A
/o-3
5~44 r.|b m ,
W W V W V W W
I ? 4  i
5 " 7 0  r . j ^ n t .
S7o r.̂ nt, 2"-  ̂order, 
doable amjp. 33" I mm.
w w W \ A
43
equivalent to£o-3d8 rad. 
ĵyossible distortion due
t c  p e n  I f / t f t r i g  s / o jb s ■ ) .
1/
r.j p - m .
Fiq.% 1  . 5 e r /e 3  f l -  I
Ihujse r^ e e t L u b r ica tio n  
Mass System
With jjiston tin j5 . Torsio-
M a a -
■̂ rajpli jfos- D dig f-25. *>//
âaA/VW vAa A
1 * ^ 1
532 r.bm.
v \ a A A A A A A / \
0 4  \
AAAA A ^ h r ^ -- v a /V \A A A A A A /
6// rp.*»r.5<?0 hm
5 5 7  r.frm .
557 r.jp.m. 2n̂ order
double amjp. 2 b *2 **f. 
equivalent to~L0'3Q8
radian
Fî.28 . Series f1~ I. Inijjerfe&h Lubrication 
Mas System M .Lijp. rvtHi jpisloH rtnys .
Tors toy raj)k jpo%- C . dta lm 115 .
Magni^teAhen ~T  .
5 5 " -0 -iC




y r ^ ^ X ^ K / \ / \ ^ / \ f  S ~!'1 r ttM- 2’V»Ucr
d e a r i e  O m jff. 3 4 '2 < H i« i .  
equivalent to
£ 0*402 (Possible
d i s t o r t i o n  du%e t o
jpa*1 hitting stbjs}.)
Fty. 24 . Series lj- I• hujserjeot Lubrication. 
Mass System M .L A j?. w ith I? IS ton rm qs.
Tarsioyra^h Jpo$-. £  . ^ /a . I’US
3
May  nî iccktton ~T .
- 37 -
opposed p i s to n s  r e s p e c t iv e ly .
The re c o rd s  f o r  th e  speed  ran g e  a re  g iv en  
in  P ig s .  25 to  29 where a g a in  th e  r e c o rd s  a t  re so n a n c e  
r e p r e s e n t  th e  u l t im a te  a m p litu d e  when no l u b r i c a t i o n  i s  
s u p p l ie d  to  th e  main b e a r in g  and g re a s y  f r i c t i o n  
p r e v a i l s  th ro u g h o u t th e  e n g in e .
I I . S e r ie s  w ith  G ra v ity  O il Feed to  Main B e a r in g .
Ca) P is to n s  w ith  R in g s .
W ith g r a v i ty  fe e d  to  th e  main b e a r in g  and 
i n i t i a l  o i l i n g  o f  th e  p i s to n  and b ig -e n d , to r s io g r a p h  
re c o rd s  were ta k e n  a f t e r  c o n t in u o u s  ru n n in g  from m ass- 
sys tem s Ml.Iff.; Ml.lf?.  a w I R ecords a re
g iv e n  in  F ig s .  ”50 to  32 , and a g a in  th e y  r e p r e s e n t  th e  
u l t im a te  a m p li tu d e s .
(b ) P i s to n s  w ith o u t R in g s .
W ith s i m i l a r  l u b r i c a t i o n  c o n d i t io n s ,  b u t  
w ith  th e  p i s to n  r in g s  rem oved, a  to r s io g r a p h  
e x a m in a tio n  was ma.de o f  mass sys tem s Ml.If).; Ml.2f?;NI.3f>.; 
and M l4 jb ..
F u r th e r  e x a m in a tio n  was made a t  re so n an c e  
when o i l  was s u p p l ie d  to  th e  p i s t o n  w h ile  ru n n in g , b u t 
l i t t l e  o r  no d i f f e r e n c e  in  maximum a m p litu d e  c o u ld  be 
d e te c te d ,  and th e  r e c o rd s  shown on F ig s .  33 to  37 may
be ta k e n  to  r e p r e s e n t  th e  f i n a l  r e s u l t s  o f  th e  two. s e t s  
o f  e x p e r im e n ts .
I I I .  The E f f e c t  o f F requency  on R esonance A m p litu d e .
(a )  G ra v ity  O il Feed to  Main B e a r in g s .
The a d d i t i o n a l  m ass-sy s te m s M'Z 7 M3 7 01*4 y 
and M S  g iv in g  a  ran g e  o f  n a t u r a l  f r e q u e n c ie s  were 
each  exam ined u n d e r th e  fo llo w in g  c o n d i t io n s  : -  
Ci) one and two p i s t o n  s e r i e s  w ith  p i s t o n  r i n g s ,  
f i i )  o n e , tw o, th r e e  and f o u r  p i s t o n  s e r i e s ,  w ith o u t 
p i s t o n  r i n g s .
T o rs io g ra p h  r e c o rd s  a re  g iv e n  in  F ig s .  38 to  61 .
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6ol> rp-M. Z ^  order, double an̂ fp. /«4*7 **ni 
itfalent to  — 0 ’08(r5 radian .
(*50 tr.p.m
Fig. 30 . Series XL- Gravity oil j-eod to mam bearing. 
Mq$ System . M l. Ijc7. With piston rings.
L
Tomograph p o$- C. . aha. I II& Magmpieghon . ~7~.
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6 / 2  r,p  iv\. 'Z™} o rd e r  double  a m p
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>5*5 J L  .______G ra v ity  o i l  ^ e e c t to  main b e a r in g  .
Ma$5 Sy$ te .n \ M.LI.jz. With o u t p is to n  r in g s ,
a la
Torsiograph p o$* C __  ̂ ^<3 /-//fT Magmj-i cation ~T
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iam/ waaAAAAA/
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b oo jr .pm . 2 ^  order, double am p. 
(5i-b ww. e q u iva len t to j .  0* n u \. (t>80 r.b.Mp m.
F ig . 31 . S e r ie s  TL. G r a v i tg  o il j^ e e d  to main b e a r in g  .
M aSS S y s t e m .  M . t 'Z .p. with p is to n  ring s ,
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Mas System with jpiston rinys
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See page 28
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v̂ ^aâ 'vwVvvvWVZ
1
3 ? 0  r.fr. t o r n .
—  ----------— — —  -v'v̂/wa/vwvnaAAAA/
7AA^
'T?
26? f.jp.nt 3*7order Movable 
4»t^7 l - t f m n i  £ ^ u t ^ a l e m h  t o i O ’ OI
n n r\ n







3 /2 r  i?»t.
1 5 ^
4lo r.p.nt. 2"J order double amp. S ' i
e q u iv a le n t’ ho ~L 0 '0 5 q (o r a d ia n .
1 5 0
mmmim
43*? r.jp nt .
Fig. 54  . Series ILL . ^ra îl'y oil j-eed to main bearing
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g r a v i ty  fe e d  removed g iv in g  im p e r fe c t  l u b r i c a t i o n  
c o n d i t io n s  was exam ined and th e  r e p r e s e n t a t i v e  r e c o rd s  
i n  th e  v i c i n i t y  o f  re so n an c e  a re  g iv e n  in  P ig . 62.
IV. Power T e s t s .
O b s e rv a tio n s  w ere ta k e n  o f  th e  power in p u t  
to  th e  m o to r o v e r th e  sp eed  ra n g e , th e  p i s to n s  b e in g  
f i t t e d  w ith  and  w ith o u t r i n g s .  These t e s t s  were 
r e q u i r e d  m a in ly  f o r  c h e c k in g  th e  en erg y  d i s s i p a t e d  by 
v i b r a t i o n  a t  re s o n a n c e . However, s in c e  th e  ammeter 
had  to  work on a  0 -  30 ampere ran g e  on a c c o u n t o f  th e  
t o t a l  pow er, i t  was found  t h a t  d e f i n i t e  in c r e a s e s  in  
c u r r e n t  t a k e n , in  th e  v i c i n i t y  o f  r e s o n a n c e yc o u ld  be 
re a d  a c c u r a te ly  o n ly  f o r  th e  c a s e s  w here e x c e s s iv e  
a m p litu d e  o c c u r re d .  Hence o b s e r v a t io n s  a t  re so n a n c e  
a re  r e l i a b l e  f o r  m ass-sy s tem  PI (.-4b. s e r i e s  o n ly
and th e s e  a r e  p l o t t e d  i n  F ig ,  63 .
In  t h i s  f i g u r e  th e  f u l l  l i n e  Q to  £  
r e p r e s e n t s  th e  a d d i t i o n a l  power a b so rb e d  when s lo w ly  
a p p ro a c h in g  th e  c r i t i c a l  from  a  lo w e r sp e e d . A f te r  
s u s t a i n in g  and b a la n c in g  a t  re s o n a n c e  an a d d i t i o n a l  
in c r e a s e  in  pow er c a u s e s  a  g e n e r a l  a c c e l e r a t i o n  o f  th e  
e n t i r e  sy stem  u n t i l  b a la n c e  i s  found  a t  F . T h is  
e f f e c t  i s  a l s o  shown on th e  T o rs io g ra p h  r e c o rd  
no r i n g s  -  P ig .  37. S im i la r ly  th e  c h a in  d o t te d  l i n e  
from  F to  E i s  o b ta in e d  by s lo w ly  d e c r e a s in g  th e  speed  
u n t i l  re s o n a n c e  i s  a g a in  re a c h e d . A p e r io d  o f  
d e c e l e r a t i o n  fo l lo w s  any  f u r t h e r  d e c r e a s e  in  pow er.
T h is  g e n e r a l  b e h a v io u r  i s  m ost m arked w ith  th e  v e ry  
l a r g e  a m p li tu d e s .
A n a ly s is  o f  th e  T o rs io g ra p h  R e c o rd s .
F or s i m i l a r  p o r t io n s  o f  th e  r e c o r d s ,  
r e p r e s e n t i n g  b a la n c e d  c o n d i t i o n s ,  th e  a v e ra g e  speed  
o f  e ac h  r e v o lu t io n  o f  th e  s h a f t  was c a l c u l a t e d  from  
th e  p a p e r  sp eed  and c y c le  d is p la c e m e n t.  I t  i s  n e c e s s a ry  
to  c a l c u l a t e  th e  p a p e r  speed  th ro u g h o u t th e  e n t i r e
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r o l l  s in c e  v a r i a t i o n s  o c c u r  due t a  th e  c lockw ork  d r iv e  
and d im in u tio n  o f p a p e r  r o l l  d ia m e te r .
I t  i s  seen  from  th e  r e c o r d s  t h a t  th e  s h a f t  
o s c i l l a t i o n s  som etim es a p p e a r  su p e rim p o sed  upon a  low 
fre q u e n c y  wave a r i s i n g  from  th e  in s t ru m e n t  i t s e l f .
T here i s  no p o s s i b i l i t y  o f  th e  s h a f t  o s c i l l a t i o n s  b e in g  
a m p l i f ie d  by t h i s  s u rg e , s in c e  th e  n a t u r a l  f re q u e n c y  o f  
th e  in s t ru m e n t  u se d  i s  5 8 . 5  v .p .m . and i s  w e ll below  
th e  f r e q u e n c ie s  and ru n n in g  sp eed s exam ined in  th e  
e x p e r im e n ts . I t  i s  q u i t e  a s im p le  m a t te r  to  s u b t r a c t  
th e  h ig h  fre q u e n c y  s h a f t  o s c i l l a t i o n s  from  th e  r e c o rd .
In  o r d e r  to  d e te rm in e  th e  a m p litu d e  o f  
any  p a r t i c u l a r  o rd e r  o f  v i b r a t i o n ,  th o se  due to  a l l  th e  
o t h e r  o rd e r s  m ust be f u r t h e r  s u b t r a c te d  from  th e  r e c o rd .  
Harmonic a n a l y s i s  o f  su ch  sm a ll  d ia g ra m s , t r a c e d  by a 
pen o f  r a d i u s ,  w ork ing  on a  p i v o t ,  can  o n ly  be
done w ith  d i f f i c u l t y .  F o r tu n a te ly  in  th e  p r e s e n t  c a se  
th e  2nd an d  3rd  o rd e r s  a r e  th e  o n ly  ones o f  any im p o rtan c e  , 
and c o m b in a tio n  o f  th e se  two r a t i o s  w ith  d i f f e r e n t  
p h a s in g  i s  a  s im p le  m a t t e r .
T aking  a m p litu d e  r a t i o s  f o r  th e s e  o r d e r s ,  
su g g e s te d  by harm on ic  a n a l y s i s  o f  some o f th e  r e c o r d s ,  
t h e  ‘v i b r a t i o n  d iag ram s in  th e  v i c i n i t y  o f  2nd o rd e r  
re so n a n c e  w ith  3rd  o r d e r  f o r c in g  and v i c e - v e r s a  can  be 
e a s i l y  b u i l t  up .
The e x c i t i n g  to rq u e s  a re  — and
9 g iv in g  r i s e  to  m o tio n s and
“ ° 0  r e s p e c t i v e l y ,  where o( i n  th e  ex trem e 
c a s e s  i s  0 , J  &nd TT. I n  th e  v i c i n i t y  o f  2nd o r d e r  
r e s o n a n c e , th e  3rd  o r d e r  m o tion  i s  *^^3 where
^  f h en ce  in  p a s s in g  th ro u g h  th e  2nd o rd e r  
c r i t i c a l ,  th e  c u rv e  ch an g es from  to
S m 2 9  . At th e  c r i t i c a l  th e  c u rv e  i s
• f y  £0520 + y ^ $ m 3 6  . Due to  th e  p a p e r  m oving from
l e f t  to  r i g h t ,  th e s e  e q u a t io n s  a r e  drawn by th e  
to r s io g r a p h  a s  g iv e n  i n  F ig .  64.
roj? dead *  
centre
th e  maxtinu*n a n d  w o i i i h i x i h  double
yes, the $ -  order dcfuijyle . amjph tu d e
rojfi .d e a d  
centre 4
The mean o f the maxImum -and minimum double Qmfflttt/dej 
y tve t hhe 2*~ order dou b le  amjph^aeile .
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S i m i la r ly  in  th e  v i c i n i t y  o f  t h e  3 rd  o r d e r  
c r i t i c a l ,  th e  2nd o r d e r  f o r c e d  v i b r a t i o n  i s  Si*i26
hence  c h o o s in g  s u i t a b l e  a m p li tu d e  r a t i o s  y  -< , th e
changes  i n  th e  r e c o r d  f o r  I2ie ex trem e  c o n d i t i o n s  a r e  a l s o  
g iv e n  i n  P ig .  64.
As th e  speed  i n c r e a s e s  P ig .  ( f )  t e n d s  to  P i g . ( a )  
w ith  change in  r e l a t i v e  a m p li tu d e  r a t i o s .
The d iag ram s a r e  q u i t e  r e p r e s e n t a t i v e  o f  those  
a p p e a r in g  on th e  t o r s i o g r a p h  r e c o r d s  and t h e r e f o r e  a 
c lo s e  s tu d y  o f  them p r a c t i c a l l y  e x p la in s  a l l  t h e  r e c o r d s  
a t  t h e  sp eed s  c o n ce rn e d .
I t  w i l l  be n o t i c e d  f o r  th e  2nd o r d e r  t h a t  th e  
ty p e  o f  d iag ram  below re so n a n c e  i s  th e  r e v e r s e  o f  t h a t  
ab o v e , and  a t  re so n a n c e  th e  form i s  v e ry  d i s t i n c t i v e ,  
h a v in g  a  f l a t  boundary  a t  th e  to p .  P o r  th e  3 rd  o r d e r ,  
d iag ra m s  on e i t h e r  s id e  o f  re so n a n c e  a r e  o f  s i m i l a r  form 
b u t  have  d i f f e r e n t  phase  a n g le s ,  w h ile  e x a c t  re so n an c e  
g i v e s  a  d e c id e d  form.
C lose  s c r u t i n y  o f  the  t o r s i o g r a p h  r e c o r d s  a t  
th e  lo w e r  sp eed s  where th e  dead c e n t r e  t im in g  o p e ra te d  
show t h a t  th e  p h ase  a n g le  i s  i n d i c a t e d  f a i r l y  w e l l  a t  
r e s o n a n c e ,  b u t  i t  i s  n o t  p o s s i b l e  to  o b t a i n  t h e  c o r r e c t  
v a lu e  on e i t h e r  s i d e  o f  re s o n a n c e  p a r t i c u l a r l y  w i th  slow 
and i r r e g u l a r  p a p e r  s p e e d s .  No g r e a t  l o s s  o f  v a lu e  i s  
i n c u r r e d ,  how ever, a s  th e  e s s e n t i a l  f e a t u r e s  a t  re so n a n c e  
a r e  g iv e n  c l e a r l y .
F u r t h e r  e x a m in a t io n  o f  th e  d iagram s on P ig .  6 4 ,  
shows t h a t  th e  d o u b le  a m p l i tu d e  a t  re so n a n c e  f o r  any 
p a r t i c u l a r  o r d e r  can  be o b ta in e d  by t a k i n g  th e  mean o f  
th e  maximum and minimum d o u b le  a m p l i tu d e s .  T h is  a l s o  
a p p l i e s  above and below th e  c r i t i c a l  sp e e d s  f o r  b o th  th e  
2nd and 3 rd  o r d e r s .
T h is  s im p le  p ro c e d u re  was a d o p te d  when 
m e a s u r in g  th e  a m p l i tu d e s  from th e  r e c o r d s .  F o r  th e  t e s t s  
w i th  th e  opposed  p i s t o n s ,  th e  r e c o r d s  a re  q u i t e  s im p le ,  
s in c e  t h e  v i b r a t i o n s  a r e  due e n t i r e l y  t o  th e  2nd o r d e r
Thus f o r  each  r e v o l u t i o n  o f  th e  p o r t i o n s  o f  r e c o r d s  
a n a ly s e d  th e  a m p l i tu d e  and c o r r e s p o n d in g  soeed  was 
d e te rm in e d ,  and a m p l i tu d e - s p e e d  c u rv e s  p l o t t e d  f o r  each  t e s t .  
These g ra p h s  a r e  g iv e n  in  P i g s .  55 to  7 7 , f o r  a l l  mass 
a r ra n g e m e n ts ,  and th e  c o r r e s p o n d in g  undamped v i b r a t i o n  cu rv e  
f o r  th e  e n g in e  mass p l o t t e d  i n  a cc o rd a n c e  w ith  e q u a t io n  (2 9 ) .
D e s c r ip t i o n  o f  R e s u l t s .
Taking  F ig .  65 g iv in g , t h e  r e s u l t s  from  th e  m ass-ays tem
Ml. If?., i t  i s  seen  t h a t  th e  g e n e r a l  cu rv e  o f  e x p e r im e n ta l
a m p l i tu d e s  fo l lo w s  th e  t h e o r e t i c a l  q u i t e  c l o s e l y  a l th o u g h
t h e r e  a r e  s l i g h t  i r r e g u l a r i t i e s ,  b u t  t h e s e  a r e  w i th in  t h e
l i m i t s  o f  a c c u ra c y  o f  speed  m easurem ent from  th e  t o r s i o g r a p h s .
At re so n a n c e  t h e  f r e q u e n c i e s  a g re e  to  w i th in  3 p e r  c e n t .
tiie
I t  can  be shown t h a t  w i t h Asm aIl damping p r e s e n t ,  th e
d i f f e r e n c e  betw een th e  f re q u e n c y  a t  w hich  maximum a m p l i tu d e
o c c u r s  and th e  r e s o n a n t  f r e q u e n c y  i s  a b o u t  1 p e r  c e n t . , so
t h a t  i t  i s  n o t  p o s s i b l e  to  d e t e c t  t h e  d i f f e r e n c e  by th e
t o r s i o g r a p h .
E f f e c t  o f  each  p i s t o n .
Each p i s t o n  g iv e s  p r a c t i c a l l y  th e  same cu rve  and
maximum a m p l i tu d e  so t h a t  a l l  p i s t o n s  may be re g a rd e d
a s  b e in g  s i m i l a r .
L u b r i c a t i o n .
I t  i s  seen  from F ig .  73 t h a t  t h e  e f f e c t  o f  main
b e a r i n g  l u b r i c a t i o n  i s  v e ry  g r e a t  in  t h e  c o n t r o l  o f  •
a m p l i tu d e .  The maximum a m p l i tu d e  a t t a i n e d  when I m p e r f e c t
l u b r i c a t i o n  p r e v a i l s  i s  p r a c t i c a l l y  tw ic e  t h a t  when o i l
i s  s u p p l i e d  to  th e  b e a r i n g .  The same marked d i f f e r e n c e
i s  s e e n  w i th  th e  3 rd  o r d e r  a m p l i tu d e s .  By com paring
th e  3 rd  o r d e r  r e s o n a c e  r e c o r d s  f o r  th e  same m a ss -sy s te m s
u n d e r  th e  d i f f e r e n t  l u b r i c a t i o n  c o n d i t i o n s ,  th e  e f f e c t
Hie
I s  a l s o  p o r t r a y e d  by th e  d i f f e r e n c e s i n Aty p e  o f  d iag ra m .
W ith th e  g r e a t e r  dam ping, th e  r a t i o  o f  th e  3 rd  o r d e r  
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I s  much s m a l le r  th an  w ith  th e  i m p e r f e c t  l u b r i c a t i o n ,  
th u s  c a u s in g  a g r e a t e r  d i s t o r t i o n  i n  the  r e s u l t a n t  
d iag ram .
P i s t o n  R in g s .
I t  i s  a l s o  seen  t h a t  t h e  v i b r a t i o n  a m p l i tu d e s  
when th e  p i s t o n s  were f i t t e d  w ith  and. w i th o u t  r i n g s  a re  
p r a c t i c a l l y  s i m i l a r  i n  a l l  r e s p e c t s .
The rem a in d e r  o f  th e  g rap h s  f o r  m ass-sy s tem  
Ml . ; and a l s o  f o r  M3.; a l l  show p r e c i s e l y  s i m i l a r  
f e a t u r e s .
P hase  Angle a t  R esonance .
So f a r  a s  can be e s t im a te d  from th e  
t o r s i o g r a p h  r e c o r d s ,  th e  phase  a n g le  a t  r e s o n a n c e ,  as 
shown by the  n a t u r e  o f  th e  combined d iag ram s and a l s o  
by th e  dead c e n t r e  t im in g  a t  the  low er f r e q u e n c ie s  i s  90° . 
Resonance A m p li tu d e s .
The maximum re so n an c e  a m p l i tu d e s  f o r  th e  
2nd o r d e r  v i b r a t i o n  and t h e i r  c o r re sp o n d in g  c r i t i c a l  
sp e e d s  a r e  p l o t t e d  in  F ig .  78 and enve lope  c u rv e s  drawn 
f o r  t h e  s e r i e s  w i th  t h e  d i f f e r e n t  number o f  p i s t o n s .
The s e r i e s  I I  and I I I  w i th  g r a v i t y  o i l  f e e d  to  th e  main 
b e a r in g  show th e  v a r i a t i o n  o f  re s o n a n c e  a m p li tu d e  w ith  
f re q u e n c y  when v i b r a t i o n  i s  s t im u la te d  by a p e r i o d i c  
to rq u e  v a ry in g  a s  th e  f re q u e n c y  sq u a red .
A s i m i l a r  b e h a v io u r  in  a m p li tu d e  v a r i a t i o n  
a p p e a rs  to  e x i s t  f o r  th e  o n e - p i s to n - i m p e r f e c t l y -  
l u b r i c a t e d  s e r i e s .
The r e l a t i o n  betw een th e  v a r io u s  p i s t o n  
a r ra n g e m e n ts  f o r  t h e  two ty p e s  o f  l u b r i c a t i o n  i s  shown 
f o r  m ass-sy s tem  M/.,on I t  I s  seen  t h a t  th e  n a tu r e  o f
eac h  s e t  o f  r e s u l t s  i s  s i m i l a r .
The 3 rd  o r d e r  maximum a m p l i tu d e s  a r e  a l s o  
g iv e n  in  F ig .  79, b u t  th e  v a lu e s  a r e  n o t  so c l e a r  as  
th o s e  o f  th e  2nd o r d e r  on a c c o u n t  o f  t h e i r  sm a ll  
m a g n itu d e .  A f u r t h e r  p l o t  o f  th e  3 rd  o r d e r  i s  made
Q Q
■ r A j +  ■
 ^     ....
w s
g  j .  . ."tpnjifqUty vouwuoii j j w m w / x p ^
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on F ig .  78 where t h e i r  r e l a t i o n  to  th e  2nd o r d e r  v a lu e s  
I s  seen .
A n a ly s i s  o f  R e s u l t s .
(' 1) Energy o f  V i b r a t i o n .
The v i b r a t i o n a l  e nergy  g iv e n  to  th e  dynam ica l
system  by th e  harmonic  to rques  i s  e q u a l  to  th e  en e rg y
d i s s i p a t e d  oy a l l  th e  damping a c t i o n s  i n  th e  sys tem .
The en e rg y  in p u t  o f  a  harm onic  to rq u e  A Smurf* ? 
g iv in g  r i s e  to  a v i b r a t i o n  9 sw (u f t  — <f)J ig  TfQ$snn<f> 
p e r  v i b r a t i o n  and a t  r e s o n a n c e ,  where <t> i s  9 0 ° ,  i t
becomes a maximum. From th e  a n a l y s i s  o f  th e  t o r s i o g r a p h
r e c o r d s  i t  was co n c lu d ed  t h a t  th e  v i b r a t i o n  was o s t e n s i b l y  
s i n u s o i d a l ,  h a v in g  a 90° p h a se  a n g le  a t  the  maximum a m p l i tu d e .  
Hence th e  v i b r a t i o n a l  e n e rg y  a t  re s o n a n c e  i s  ta k e n  to  be 
7T ft 0 , where 0 i s  th e  maximum re s o n a n c e  a m p l i tu d e  
shown on F ig .  78 , and ft t h e  a m p l i tu d e  o f  t h e  harm onic  
to rq u e  g iv e n  i n  pages 7 5  o*\d 2*? .
T h is  energ y  i s  d i s s i p a t e d  in  h e a t  and  a p p e a rs  
a s  a d d i t i o n a l  power s u p p l i e d  by th e  m o to r .  On F ig .  63 , 
t h e  c a l c u l a t e d  re so n a n c e  power i s  shown superim p osed  on 
th e  mean power. By com paring  th e  e x p e r im e n ta l  v a lu e s  
o f t o t a l  power a t  re so n a n c e  w ith  th e  c a l c u l a t e d ,  f o r  t h e  
d i f f e r e n t  c o n d i t i o n s ,  shown a t  A, C, and E, r e a s o n a b le  
ag reem en t i s  o b t a in e d .  Thus th e  v i b r a t i o n a l  energ y  i s  
co n f i rm ed .
The d e r iv e d  en e rg y  v a lu e s  a r e  g iv e n  in  T ab les  
5 - 7 ,  f o r  th e  2nd and 3 rd  o r d e r s .  The a m p l i tu d e s  a r e  
ta k e n  a t  c o n v e n ie n t  c r i t i c a l  sp eed s  from  F ig .  78 . and t h e  
c o r re s p o n d in g  m a s s - r a t i o s  o f  m otor and e n g in e  from  F ig .  80.
I t  i s  seen  t h a t  a l l  t h e  3 rd  o r d e r  q u a n t i t i e s  a r e  v e ry  
s m a l l ,  hence  f o r  g e n e r a l  e f f e c t s , a t t e n t i o n  may be 
c o n c e n t r a t e d  a lm o s t  s o l e l y  on th e  l a r g e r  2nd o r d e r  v a lu e s .
The v a r i o u s  s o u rc e s  o f  d i s s i p a t i o n  w i th in  th e  
e x p e r im e n ta l  p l a n t  may now be d i s c u s s e d  w i th  a v iew  to  
exam in ing  t h e i r  n a tu r e  and r e l a t i n g  t h e i r  r e l a t i v e  v a lu e s
to  th e  t o t a l  en e rg y  d i s s i p a t e d .
7able. £  . Im p  la t  E n erg y  E(ecstn ca  /  d a  m p w y   ̂ Shaj-h
H ysteresis and d a m p m y  d u e  to  Sim ple she.nr  
re s is ta n c e , oj- o i l  f i l m  .
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Examination of Possible Sources of Dissipation.
In  c o n s id e r in g  t h e  p o s s i b l e  so u rc e  o f
d i s s i p a t i o n ,  t h e  sys tem  m ight be  d iv id e d  up i n t o  
e le m e n ts  c o m p r is in g  t h e  m o to r, s h a f t i n g ,  p i s t o n ,  b ig - e n d ,  
and c r a n k s h a f t ,
f a )  Damping a t  M oto r .
At th e  m a te r ,  e l e c t r i c a l  dam ping and s l i g h t  
f r i c t i o n a l  e f f e c t s  o c c u r .
The D.C. s h u n t  m o to r  was c o u p le d  so t h a t  speed 
r e g u l a t i o n  c o u ld  be o b ta in e d  by v a r i a b l e  r e s i s t a n c e s  in  
t h e  a rm a tu re  c i r c u i t .  W ith t h i s  a r ra n g e m e n t  t h e r e  i s  
c o n s t a n t  e x c i t a t i o n ,  hence  th e  b a ck  e.w^. E  ? i s  
s t r i c t l y  p r o p o r t i o n a l  t o  sp e e d .  When a d e c r e a s e  in  
speed  t a k e s  p l a c e  a  c o r r e s p o n d in g  d e c r e a s e  i n  b a ck  
o c c u r s ,  r e s u l t i n g  in  a  c o r r e s p o n d in g  i n c r e a s e  o f  a rm a tu re  
c u r r e n t  I a and c o n se q u e n t  i n c r e a s e  i n  to r q u e  and v i c e  
v e r s a .  Thus ch an g es  i n  speed  i n t r o d u c e  changes  i n  to rq u e
which oppose th e  sp eed  c h an g es .
t h e  r e s i s t a n c e  betw een  th e  t e r m i n a l s .
But E — kur nkuxx cosrnvt.
S u b s t i t u t i n g  in  e q u .(3 0 )  and r e d u c in g ,  th e  p e r i o d i c  to rq u e  
c o e f f i c i e n t  becomes x
I f  th e  speed  i s  g iv e n  by w  +  w urx c o s n u f t  J
th en  t h e  damping may be d e te rm in e d  a s  f o l lo w s  ' 
M ech an ica l  power to  th e  s h a f t  — E I a
where V i s  th e  v o l t a g e  a p p l i e d  to  th e  t e r m i n a l s  and  Ra
k  HU) X
Hence th e  damping work p e r  v i b r a t i o n
/•3t Ka
r y  is f / fe  natural jre.^uev\<zy oj- f/ic 5j i t
-• 45 - .
The r e s i s t a n c e s  o f  t h e  a rm a tu re  and th e  f i e l d ,  
ta k e n  a f t e r  a  ru n ,  were 2 .2  ohms and 378 ohms r e s p e c t i v e l y  
hence i n  th e  e q u a t io n  E — \Z"IRa , I  may be ta k e n  
a s  t h e  t o t a l  c u r r e n t  a t  r e s o n a n c e .  Prom P ig .  63 V ** i'5S Ujr 
hence  th e  c o r re s p o n d in g  g r a d i e n t  k  f o r  th e  back  E
a t  r e s o n a n c e , i s  g iv e n  by
L _  2 2  * to ta l jponer
\'5% up
By e s t i m a t i n g  th e  t o t a l  power a t  each  c r i t i c a l  sp eed ,  
th e  a p p r o p r i a t e  v a l u e s  o f  k  a re  d e te r m in e d  end t h e s e  
a r e  g iv e n  i n  T ab les  5 to  7.
A c o n s t a n t  v o l t a g e  a c r o s s  t h e  a rm a tu re  t e r m i n a l s  
h a s  been  assum ed, b u t  t h e  v o l t a g e  a b so rb e d  by th e  
r e s i s t a n c e s  m  s e r i e s  »vitn tn e  a rm a tu re  w i l l  a l s o  v a ry  
w i th  th e  c u r r e n t  c h a n g e s ,  s in c e  v o l t a g e  d ro p  i s  t h e  
p r o d u c t  o f  r e s i s t a n c e  and c u r r e n t .  Thus a d e c r e a s e  in  
speed  which c a u se s  an i n c r e a s e  i n  c u r r e n t  and to r q u e  
w i l l  a l s o  cau se  a  d e c r e a s e d  v o l t a g e  a p p l i e d  t o  th e  
a rm a tu re  which w i l l  c o n s e q u e n t ly  te n d  to  d e c r e a s e  th e  
speed  s t i l l  f u r t h e r .  T h is  se c o n d a ry  a c t i o n  which te n d s  
to  augment th e  i n i t i a l  speed  change w i l l  t h u s  t e n d  to  
d im in is h  t h e  e f f e c t  o f  th e  e l e c t r i c a l  damping to r q u e .
I t  w i l l  a l s o  be n o t i c e d  t h a t  X i s  th e  
a m p l i tu d e  a t  th e  m otor end o f  th e  system  and w i l l  be -jr 
t im e s  t h a t  a t  th e  e n g in e ,  r  b e in g  t h e  mass r a t i o .
With n a t u r a l  f r e q u e n c ie s  r a n g i n g  from 1,200* v .p .m .  to  
700 v .p .m . ,  r  v a r i e s  from  7 .9 2  to  1 .9 4 .  Hence th e  
work p e r  v i b r a t i o n  due t o  e l e c t r i c a l  damping which 
v a r i e s  a s  th e  sq u a re  o f  th e  a m p l i tu d e ,  w i l l  be q u i t e  
n e g l i g i b l e  a t  t h e  h i g h e r  f r e q u e n c i e s  b u t  w i l l  be 
s l i g h t l y  more e f f e c t i v e  a t  th e  lo w e r ,  where th e  v i b r a t i o n  
a t  t h e  m otor end b e g in s  to  assume c o m p a ra t iv e  v a l u e s .
C a l c u l a t i n g  th e  e l e c t r i c a l  damping from  e q u . (3 1 )  
and i n s e r t i n g  th e  v a l u e s  i n  t a b l e s  3 -  7 i t  w i l l  be 
se e n  t h a t  t h i s  damping i s  a lm o s t  n e g l i g i b l e  th ro u g h o u t  
t h e  t e s t s .
- 46 -
S i m i l a r l y  th e  f r i c t i o n a l  e f f e c t s  o c c u r r i n g  a t  
t h e  r i n g - o i l  b e a r in g s  a r e  c o n s id e re d  n e g l i g i b l e  on a c c o u n t  
o f  the  mass r a t i o ,  and a l s o  t h e  b ru sh  f r i c t i o n  b e in g  
c o n s t a n t  can  have no e f f e c t .
I t  may be c o n c lu d e d , t h e r e f o r e ,  t h a t  t h e r e  a r e  no 
dam ping f o r c e s  o f  any im p o rtan c e  in d u ce d  a t  th e  m o to r.
fb ) S h a f t  Damping.
P a r  t h e  s h a f t i n g ,  th e  d i s s i p a t i o n  o f  en e rg y  w i l l  
be t h a t  due to  h y s t e r e s i s  in  t h e  s h a f t  m a t e r i a l .  The 
s m a l l  plummer b lo c k s  s u p p o r t in g  t h e  s h a f t  a r e  n o t  
c o n s id e r e d  e f f e c t i v e  a s  damping s o u r c e s .
H y s t e r e s i s  i n  S h a f t  M a t e r i a l .
I n t e r n a l  f r i c t i o n  o f  s h a f t  m a t e r i a l  h a s  been
y .. 14 15
shown by Rowett  , Poppl , K im b a ll  , and o t h e r s  to bo
in d e p e n d e n t  o f  v e l o c i t y  and to  be d e p en d e n t  o n ly  upon 
a m p l i tu d e .  Below th e  f a t i g u e  l i m i t  th e  en e rg y  d i s s i p a t i o n  
due to  t h i s  c au se  i s  c o m p a ra t iv e ly  sm a ll  and i s  n o t  a 
d e f i n i t e  v a lu e  s in c e  i t  changes  w i th  th e  c o n d i t i o n  and 
h i s t o r y  o f  th e  m a t e r i a l .  As found  by L e a ^ ,  i t  t e n d s  to  
d e c r e a s e  when t h e  s t r e s s  i s  below th e  f a t i g u e  l i m i t  and 
I n c r e a s e  when ab o v e , so t h a t  t h e r e  i s  no s im p le  law .
An a t t e m p t  was made to  m easure  t h e  h y s t e r e s i s  o f  
th e  s h a f t  u se d  i n  th e  e x p e r im e n ta l  p l a n t  by f o r c e d  
v i b r a t i o n  e x p e r im e n ts  a b o u t  r e s t .  The m asses a t  th e  
m o to r  end were removed and r e p l a c e d  by a 6 i n .  c r a n k  and 
c o n n e c t in g  ro d  d r iv e n  by a  i n . , e c c e n t r i c  a t  th e
m o to r .  Even w i th  t h i s  sm a ll  e c c e n t r i c  i t  was foun d  to  
be n e c e s s a r y  t o  keep t h e  c r a n k s h a f t  c o u p le d  to  t h e  s h a f t i n g ,  
o th e r w is e  th e  a m p l i tu d e  a t  r e s o n a n c e  would have  l e d  to  
f r a c t u r e .  The i n t r o d u c t i o n  o f  th e  c o n s t a n t  f r i c t i o n  
damping i n  t h e  a p p a r a tu s  c o m p le te ly  o b sc u re d  th e  v e ry  
sm a ll  h y s t e r e s i s  e f f e c t  hence  no  r e l i a n c e  c o u ld  be p la c e d  
upon any h y s t e r e s i s  r e s u l t s  deduced  th e r e f ro m .
7 . l o c .  c i t .
14. F o p p l ,  D ie  D auerp ru fu ng  d e r  W e rk s to f f e .  p . p .  99 .
15. K im b a ll .  T ra n s .  Amer. Soc. Mech. E sg . 1926.
16. Lea . P ro c .  Roy. Soc. S e r i e s  A. V ol. 93 . 1916 -  17.
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R ev ersed  s t a t i c  e x p e r im e n ts  were th e n  c a r r i e d  o u t .
A l e n g t h  o f  1 i n .  d i a m e t e r  b ar from the same m a t e r i a l  
was a r r a n g e d  i n  a 15,000  i n .  l b .  Avery r e v e r s e d  t o r s i o n  
m ac h in e ; the ends o f  th e  b a r  were m achined t r i a n g u l a r  
to  s u i t  th e  g r i p s .  A gauge l e n g t h  o f  24 i n .  was 
employed and a s t a n d a r d  a n g u la r  s c a l e  m easure  w i th  v e r n i e r
o
c o u ld  be e a s i l y  r e a d  to  0'02  . T h is  c o r r e s p o n d s  to  a
t o rq u e  o f  17.1 i n .  l b .  and a s h e a r  s t r e s s  o f  b 7 . 2  l b .  p e r
i n - .  I t  was r e c o g n i s e d  t h a t  t h i s  was n o t  s u f f i c i e n t l y
a c c u r a t e  to  d e t e c t  sm a l l  e l a s t i c  h y s t e r e s i s ,  the
e x p e r im e n ta l  e r r o r  b e in g  a b o u t  t e n  t im e s  too  l a r g e  r o r
t h i s  p u rp o s e ,  b u t  would s e rv e  to  m easure  l a r g e  h y s t e r e s i s
e f f e c t s  sh o u ld  t h e s e  o c c u r  w i th in  th e  s t r e s s  ran g e  o f  th e
e x p e r im e n ts .  R ev ersed  t o r s i o n  t e s t s  were c a r r i e d  o u t
a c c o r d in g ly  w i th  p r o g r e s s i v e  to rq u e  ra n g e s  b u t  no
h y s t e r e s i s  was a p p a r e n t  f o r  th e  ran g e  o c c u r r i n g  i n  th e
v i b r a t i o n  e x p e r im e n ts .  The t o r s i o n  t e s t  was th en
c o m p le te d  i n  th e  u s u a l  manner u n t i l  th e  re d u c e d  a r e a
a t  the  g r i p s  gave  o u t .
The r e s u l t s  a r e  p l o t t e d  i n  F ig s .  81 and  82 , and
g iv e  a  s h e a r  s t r e s s  a t  th e  l i m i t  o f  p r o p o r t i o n a l i t y  o f
213.2  to n s  p e r  i n  . F ig .  83  g i v e s  th e  r e s u l t s  o f  a
t e n s i l e  t e s t  on th e  same m a t e r i a l  u s i n g  a  Lam b's m i r r o r
e x te n s o m e te r  and th e  p r o p o r t i o n a l  l i m i t  i s  found to  be
23 1 .2  to n s  p e r  i n  . These r e s u l t s  a r e  r e p r e s e n t a t i v e
o f  th e  s h a f t i n g  m a t e r i a l  which had been  c o ld  worked d u r in g  
m a n u fa c tu re  and had  been  g iv e n  no su b s e q u e n t  a n n e a l in g .
The maximum s h e a r  s t r e s s  o c c u r r i n g  i n  th e  v i b r a t i o n
p
e x p e r im e n ts  i s  8*3  to n s  p e r  i n  and i s  w e l l  w i t h in  th e  
p r o p o r t i o n a l  l i m i t s ,  hence  i t  i s  im p o s s ib le  to  d e t e c t  
e l a s t i c  h y s t e r e s i s  from th e s e  s im p le  t e s t s .  S in c e  th e  
e f f e c t s  a p p e a r  to  be q u i t e  s m a l l ,  and a r e  r e a l l y  beyond 
th e  e x p e r im e n ta l  e r r o r  o f  norm al  e x t e n s o m e t e r s , i t  i s  
r e a s o n a b le  to  assume -fo r  c o m p a ra t iv e  p u rp o s e s  th e  r e s u l t s  
o f  p u b l i s h e d  d a t a  i n  o r d e r  to  a s s e s s  th e  p r o b a b le  
h y s t e r e s i s  damping.
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The exp erim en ta l data fo r  a range o f  s t e e l s  g iven
7 •• 14 17
Dy R o w ett ' ,  Poppl , and D orey, r , are  p lo t t e d  in  P ig .  84.
This r e p r e se n ts  the  a v a i la b le  in form ation  on h y s t e r e s i s
th a t  i s  d i r e c t l y  a p p l ic a b le  to damping c a l c u l a t i o n s .
The p a r t i c u la r s  o f  the s t e e l s  are  g iven  on each curve,
4
Using Row ett*a v a lu e s ,  Lewis ex p ressed  th e  h y s t e r e s i s  
below the f a t ig u e  l i m i t  as
- /o Z 2*3
^  pe r  p e r  Cy c l e ---------^
where i s  h a l f  th e  s h e a r  s t r e s s  ran g e  in  l b s .  p e r  i n ^ .
This e x p r e s s io n  i s  s u b s t i t u t e d  f o r  Rowett*a v a lu e s  and i s  
seen  amply to  c o v e r  the  h y s t e r e s i s  p r o p e r t ie s  f o r  a l l  the  
s t e e l s ,  below t h e i r  approximate t o r s i o n a l  f a t ig u e  l i m i t ,  
with th e  e x c e p t io n  o f  th e  annealed  C S t e e l -F o p p l ,  and 
the norm alised  29 ton m ild  s t e e l  forging, which had been 
p r e v io u s ly  o v e r s t r e s s e d .  Above the f a t ig u e  l i m i t  the  
h y s t e r e s i s  v a lu e  in c r e a s e s ,  and Dorey shows the change 
o ccu rr in g  a t  a sh ear  s t r e s s  a p p r o x i m a t e ly  between 0 . 5 5  
o f  the t o r s i o n a l  e l a s t i c  l i m i t  and 0 ,2 0  o f  the  u lt im a te  
t e n s i l e  s t r e s s .
For the s h a f t in g  in  the exporim enta l apparatus
2
t h i s  change p o in t  w i l l  be about 7 .2 5  to  8.T  to n s  per in .,
sh ear . This v a lu e  was exceeded o n ly  in  one s e r i e s
2
o f  t e s t s  when a s t r e s s  o f  8 .4  tons per in., was a t t a in e d .
Hence, s in c e  the m a te r ia l  was c o ld  worked during  
manufacture and no subsequent a n n ea lin g  took p la c e ,  
the  Lewis eq u a tio n  may be taken as g iv in g  a l i b e r a l  
e s t im a t e  o f  the  h y s t e r e s i s  damping in  the  exp erim en ts .
In the  two-mass system  the s t r e s s  in  the e l a s t i c  
member i s  uniform  throughout the l e n g th ,  hence on 
in t e g r a t in g  fo r  the e q u iv a le n t  s h a f t  1 i n .  d ia .  x  148 i n .  
lo n g  the  t o t a l  h y s t e r e s i s  becomes
T x  1-37 x m  £ *
I0'°X i  ( l - i  + z )
=  7*f~ 2 lb. in. jper cycle. — — — — fa )
7 . 4 . l o c .  c i t .
14. i b i d .
17. Dorey, Trans. I n s t .  Mech. E n g .(1952) (Advance P roof)*
r' 5  ^  o
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Using t h i s  e q u a tio n , p lo t t e d  in  P ig .  8 5 , the h y s t e r e s i s  
energy i s  c a lc u la t e d  fo r  the s t r e s s e s  rep re sen ted  by the  
r e l a t i v e  am plitudes and i s  g iv e n  in  t a b le s  5 - 7 .
C onsider a s p e c i f i c  ca se  from ta b le  6 . With four
p i s t o n s ,  the  am plitude fo r  the second order c r i t i c a l  speed
o f  600 r .p .m . i s  0 .241  r a d ia n , g iv in g  an in p u t energy o f
184.4  l b .  in .  per  v ib r a t io n .  The maximum s t r e s s  in  the
2
s h a f t  i s  4 .9 2  to n s  per in ., and from equ. (53) the  
corresp on d in g  h y s t e r e s i s  i s  14.5 l b .  i n .  per  v ib r a t io n .
Prom a s im i la r  exam ination o f  the t a b l e s ,  i t  must 
be concluded th a t  the energy absorbed by h y s t e r e s i s  in  
the s h a f t in g  m a te r ia l  i s  l e s s  than 10 p er  c e n t .o f  the  
in p u t  energy fo r  th e  lu b r ic a te d  s e r i e s  and l e s s  than 25, 
per  c e n t . f o r  th e  im p e r fe c t ly  lu b r ic a te d  s e r i e s .
f c ) Damping a t  P is to n  and Big-grid B ea r in g .
At the p i s t o n  and b ig -e n d ,  f r i c t i o n a l  in f lu e n c e s  
and im pacts a r i s e .  Prom the exper im en ts  on the p i s t o n s ,  
the e f f e c t s  o f  p ou rin g  o i l  in t o  th e  c y l in d e r  w hile  running  
a t  resonance did n o t  r e s u l t  in  any d ec id ed  change in  resonance  
am plitud es from t h a t  which p r e v a i le d  when lu b r ic a t io n  was 
not co n tin u o u s .  S im i la r ly ,  th ere  was l i t t l e  or no d i f f e r e n c e  
in  am plitude  when th e  p i s t o n s  were f i t t e d  w ith  and w ithout  
p is to n  r in g s .
The type o f  lu b r ic a t io n  p r e s e n t  a t  th e  p i s to n  
with or w ith ou t r in g s  i s  in h e r e n t ly  o f  the  s o l i d  to  sem i­
f l u i d  type; i t  was concluded th a t  i f  a p a r t i a l  f i l m  d id  
form a t  mid s tr o k e  th e  v is c o u s  r e s i s t a n c e  would be sm all  
on acco u n t o f  the  d e c r e a se  in  v i s c o s i t y  o f  th e  o i l  
consequent on the f r i c t i o n a l  work done upon i t .
At th e  h>ig-end b e a r i n g ,  t h e  e x p e r im e n ts  showed 
t h a t  no d e f i n i t e  change  in  r e s o n a n c e  a m p l i tu d e  c o u ld  be 
e f f e c t e d  by i n t r o d u c i n g  t h e  n o rm al s p l a s h  l u b r i c a t i o n  
t o g e t h e r  w i th  s y r i n g i n g .  I t  was c o n c lu d ed  t h a t  th e  
l u b r i c a t i o n  a r ra n g e m e n ts  were in c o m p le te  and t h a t  sem i­
f l u i d  f r i c t i o n  p r e v a i l e d .
O'
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T h is  wag f u r t h e r  t e s t e d  by an a n a l y s i s  o f  t h e  
f r i c t i o n  c o e f f i c i e n t s  a t  th e  p i s t o n ,  gudgeon p i n  and 
c r a n k n i n ,  on th e  b a s i s  o f  th e  r e s u l t a n t  to rq u e  due to  
s o l i d  f r i c t i o n .
The f o r c e s  due to s id e  t h r u s t  on the  c y l i n d e r  w a l l s ,  
gudgeon p in  and c ra n k p in  were e x p re s s e d  by t h e  u s u a l  F o u r i e r  
s e r i e s  and re d u c e d  to  f r i c t i o n a l  t o r q u e s  on the  c r a n k s h a f t .  
A b s o lu te  v a lu e s  were ta k e n  s in c e  t h i s  to rq u e  a lw ays opposes 
motion* Harmonic a n a l y s i s  of the r e s u l t a n t  curve reduced 
th e  to r q u e  to  a mean v a lu e  p lu s  a s e r i e s  o f  p e r i o d i c  te rm s .
Fl’om a  s e r i e s  o f  power t e s t s  away from  r e s o n a n c e ,  
g iv e n  dm F ig .  6 j ,  th e  mean to r q u e  r e q u i r e d  f o r  th e  p i s t o n  
and b ig - e n d  system  w i th  and w i th o u t  r i n g s  was d e r iv e d  from 
th e  d i f f e r e n c e  be tw een  th e  t o t a l  power and t h a t  r e q u i r e d  
to  d r i v e  th e  m o to r  and c r a n k s h a f t  a lo n e .
Comparing th e  mean to r q u e  so o b ta in e d  w i th  t h a t  
c a l c u l a t e d ,  th e  a v e ra g e  f r i c t i o n  c o e f f i c i e n t  o p e r a t in g  
a t  th e  c y l i n d e r  w a l l s ,  gudgeon and c r a n k p in s  was found  
to  be  0 . T7. A lso  th e  f r i c t i o n  to r q u e  e x p re s s io n  due 
to  t h e  r e s i s t a n c e s  a t  t h e s e  s u r f a c e s  was a p p r o x i m a t e ly : —
T=* W l - 0  002(> -O  OOO2coi20 -  O OOOf, c o s 3 0 ----------- 1
L J f>er p iston  f
and t h a t  due t o  r i n g  f r i c t i o n  : -
T — *“ /0 +  6*72 cos 20 + / * /£  cos 3 0 - jpcr joiston .
T e s t s  were c a r r i e d  o u t  on th e  D eeley  O i l  T e s t e r  f o r  th e
o i l  u sed  and f r i c t i o n a l  c o e f f i c i e n t s  f o r  N i .C r .  S t e e l  on C a s t  
I r o n  and N i .C r .  S t e e l  on W hite -M eta l  were found  to  be 0 .1 8 9  and 
0 ,1 9 6  r e s p e c t i v e l y .
S in ce  t h e r e  i s  a lw ays a s l i g h t  r e d u c t io n  i n  th e  D eeley  
v a l u e s  w ith  sp e e d ,  th e  r e s u l t s  compare f a v o u r a b ly ,  a n d  show 
t h a t  t h e r e  can  o n ly  be s e m i - f l u i d  f r i c t i o n  a t  th e  p i s t o n  and 
b ig -e n d  b e a r i n g .
E f f e c t  o f  S e m i - f lu id  F r i c t i o n  as  dam ping.
S e m i - f lu id  f r i c t i o n  i s  composed o f  s o l i d  and v i s c o u s  
f r i c t i o n .  The s o l i d  f r i c t i o n  a lw ays o p po ses  th e  m otion  
and i s  e n t i r e l y  in d e p e n d e n t  o f  t h e  v e l o c i t y .
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I f  p e r i o d i c  speed  v a r i a t i o n s  o c c u r  in  a r o t a t i n g  s h a f t  
and th e  a b s o l u t e  v e l o c i t y  i s  u n i d i r e c t i o n a l ,  t h e  s o l i d  
f r i c t i o n  can have  no e f f e c t  on th e  p e r i o d i c  m otion  o t h e r  
th a n  m ere ly  c o n t r o l l i n g  th e  mean p o s i t i o n  a b o u t  which 
th e  v a r i a t i o n s  a r e  t a k i n g  p l a c e .  The a c t i o n  i s  th u s  
s i m i l a r  t o  t h e  e f f e c t  of  g r a v i t y  on a  mass suspended  by 
a s p r i n g :  d u r i n g  v i b r a t i o n s  th e  g r a v i t y  f o r c e  i s  a lw ays 
in  b a la n c e  w i th  th e  i n i t i a l  t e n s i l e  f o r c e  in  th e  s p r i n g  
p ro d u ced  by th e  s t a t i c a l  d e f l e c t i o n .
F o r  u n i d i r e c t i o n a l  n o t io n  t h e  v e l o c i t y  u fr  
must be g r e a t e r  th a n  t h e  v i b r a t i o n a l  v e l o c i t y  n uJ f  6 Cos n u f t  
t h a t  i s  u n i d i r e c t i o n a l  m otion  i s  d e te rm in e d  by flO I 
b o th  f o r  r o t a t i o n  and r e c i p r o c a t i o n .
There i s  no r e c o r d  o f  any I n s t a l l a t i o n  i n  
p r a c t i c e  i n  which KlQ >- I a l th o u g h  in  the  e x p e r im e n ta l  
p l a n t  th e  ex trem e c a s e  w i th  im p e r f e c t  l u b r i c a t i o n  gave 
a  second  o r d e r  a m p l i tu d e  o f  iO ^ S -4  r a d i a n .  T h is  i s  
J u s t  be low  th e  l i m i t i n g  v a lu e  ± 0 - 5 0  r a d i a n  f o r  t h i s  
o r d e r .
P u re  s o l i d  f r i c t i o n  w i l l  t h e r e f o r e  have no  
e f f e c t  i n  the  d i s s i p a t i o n  o f  th e  sup erim posed  v i b r a t i o n s .
With f l u i d  f r i c t i o n ,  how ever, sp e ed  v a r i a t i o n s  
g iv e  r i s e  to  v i s c o u s  t r a c t i o n s  which r e s u l t  i n  
c o r r e s p o n d in g  e n e rg y  d i s s i p a t i o n .  Hence w ith  s e m i - f l u i d  
f r i c t i o n ,  t h e  damping e f f e c t  w i l l  be  v i s c o u s  in  c h a r a c t e r .
F i n a l l y  i n  th e  p i s t o n  l i n e ,  v i b r a t i o n  im p a c ts  
a r e  l i a b l e  to  o c c u r ,  q u i t e  a p a r t  from those due to  
r o t a t i o n .  I f  th e  r o r c e s  in d u ce d  by o s c i l l a t i o n  ex ceed  
th e  d r i v i n g  lo a d s  a t  any t im e ,  t h e  c l e a r a n c e s  w i l l  be 
c r o s s e d  tw ic e  d u r i n g  t h a t  v i b r a t i o n .  T h is  o c c u rs  i n  
p r a c t i c a l l y  a l l  e n g in e s  when l a r g e  o s c i l l a t i o n s  t a k e  
p l a c e .
The c o n s e q u e n t  damping w i l l  be due to  the  
c o n c u r r e n t  i n f l u e n c e s  cau se d  by th e  r e l a t i v e  m o tion  a t  
th e  c l e a r a n c e s  r a t h e r  th a n  by th e  im p ac t i t s e l f .  T h is  
r e l a t i v e  m o tio n  m igh t be r e g a rd e d  as  b e in g  s i m i l a r  to
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s l i p  in  which c a s e  b o th  th e  c o n s t a n t  and v is c o u s  
r e s i s t a n c e s  o p e r a t i n g  w i l l  come i n t o  p l a y .
However, i n  the  e x p e r i m e n t a l  p i s t o n  l i n e ,  t h e  
d r i v i n g  p r e s s u r e s  a t  t h e  c l e a r a n c e s  a r e  l i g h t  and th e  
o i l  f i l m s  a r e  o n ly  p a r t i a l ,  hence  no g r e a t  d i s s i p a t i o n  
i s  l i k e l y  to  a r i s e  from t h i s  e f r e c t .
I t  may be co n c lu d ed  t h e r e f o r e ,  t h a t  th e  damping 
i n f l u e n c e s  a t t r i b u t e d  to  the  p i s t o n  and b ig - e n d  b e a r in g  
a r e  s m a l l  and can  o n ly  be e x p re s s e d  i n  an o v e r a l l  manner.
f d ) Damping a t  th e  C r a n k s h a f t .
At t h e  c r a n k s h a f t ,  th e  main and r o l l e r  b e a r in g s  
a r e  th e  s o u r c e s  o f  f r i c t i o n a l  r e s i s t a n c e s .  The r o l l e r  
b e a r i n g  r e s i s t a n c e  w i l l  p o s s i b l y  be s e m i - f l u i d  i n  n a t u r e  
b u t  w i l l  be so s m a l l  in  m ag n itude  t h a t  i t  c an  be 
n e g l e c t e d .
The e x p e r im e n ts  showed t h a t  t h e  l u b r i c a t i o n  o f  
t h e  main b e a r i n g  was v e ry  im p o r ta n t  i n  th e  c o n t r o l  o f  
a m p l i tu d e .  The u l t i m a t e  a m p l i tu d e  a t t a i n e d  a t  re so n an c e  
when no o i l  was s u p p l i e d  to  th e  b e a r in g  was p r a c t i c a l l y  
tw ic e  t h a t  which o c c u r r e d  when g r a v i t y  o i l  f e e d  was 
f i t t e d .  T h is  p o s i t i v e  d e m o n s t r a t io n  u n d e r  th e s e  ex trem e 
c o n d i t i o n s  p o i n t s  to  th e  d i s s i p a t i o n  o f  t h e  o i l  f i l m  a s  
t h e  main s o u rc e  o f  damping and t h e r e f o r e  i t  i s  n e c e s s a r y  
to  examine t h i s  damping more f u l l y .
Damping i n  th e  Main J o u r n a l  B e a r in g .
In  th e  c a s e  o f  a f i lm  l u b r i c a t e d  b e a r i n g ,  t h e  
v i s c o u s  d ra g  w i l l  r e s p o n d  to  speed  f l u c t u a t i o n s ,  g iv in g  
r i s e  to  a  c o r r e s p o n d in g  v i s c o u s  t o r q u e .  As a  f i r s t  
a t t e m p t  t h e  s im p le  c a se  o f  damping due to  th e  p e r i o d i c  
v i s c o u s  to r q u e  w i l l  be c o n s id e r e d .
The to r q u e  on th e  J o u r n a l  due to  t h e  s h e a r
f o r c e  o f  th e  l a y e r  o f  f i l m  a d j a c e n t  to  th e  J o u r n a l  i s
18
g iv e n  by b o s w a l l  a s  : -
18. B o s w a l l , "The Theory o r  F ilm  L u b r ic a t i o n "  p . p .  270.
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w here, A  i s  th e  v i s c o s i t y  o f  the o i l  i n  e . g . s .  u n i t s .
U the  p e r i p h e r a l  v e l o c i t y  a t  jo u r n a l  s u r f a c e .
R th e  r a d i u s  o f  J o u r n a l ,  
th e  e c c e n t r i c i t y .m R
n R th e  d i f f e r e n c e  o f  r a d i u s .
nand O ip  t h e  r a t i o ,  -jjj’ .
Assuming t h a t  th e  speed  v a r i a t i o n s  a r e  sm all  
and do n o t  a f f e c t  the  e c c e n t r i c i t y ,  th e  f i lm  t h i c k n e s s  
w i l l  be t h a t  due to  th e  s t e a d y  ru n n in g  c o n d i t i o n s .
L e t . t h e  v e l o c i t y  o.f the  s h a f t  s u r f a c e  be :
U =  p  R 6 cos p t  + u
where p  i s  th e  a n g u la r  v e l o c i t y .
Hence s u b s t i t u t i n g  U f o r  U in  ecu . (J4)  the 
p e r i o d i c  to r q u e  c o e f f i c i e n t  becomes
T „ I p & I +■*(**+'g) I -------------(3S)
to l (a2-f)*(2a + /)J
from  which th e  work d i s s i p a t e d  in  th e  b e a r in g  o f  l e n g t h  L 
w i l l  he
VV =  T r f X n f L f f i ?  t j 2)  2— r l  f c r N a t i o n .  -  -  (3C)
The v a lu e s  o f  Q and bn a r e  d e te rm in e d  from
th e  ru n n in g  c o n d i t i o n s  o f  th e  b e a r in g .
mormal R unning  C o n d i t i o n s .
13Pram B osw all  t h e  w ork ing  p o s i t i o n  o f  th e
jo u r n a l  i s  g iv e n  by
L
where A^ i s  t h e  a v e ra g e  v i s c o s i t y  i n  e . g . s .  u n i t s .
Re " " r a d i u s  in  in c h e s .
Ns M speed  i n  r .p .m .
” lo a d  in  l b s .  p e r  in c h  w id th .
13. l o c . c i t .  P .P . 275._____________________________________________
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The h e a r in g  i s  1 .73  in .  d iam eter w ith  a c l e a r anoe o f
0 .0 025  i n . ,  hence  n = 0 .0 0 1 4 3 .  The e f f e c t i v e  l e n g t h
«
i s  4 i n c h e s .
Normal Running Lo a d s .
By g r a p h i c a l  a n a l y s i s ,  t h e  mean lo a d  on t h i s  
b e a r in g  due to  i n e r t i a  and g r a v i t y  i s  T3 1 l b s .  w ith  f o u r  
p i s t o n s  a t  600 r . p .m .  and 22 l b s .  w i th  one p i s t o n  a t  
300 r .p .m .
Viscosity.
F ig .  86  g iv e s  t h e  v i s c o s i t y - t e m p e r a t u r e
c h a r a c t e r i s t i c s  o f  th e  o i l ,  d e te rm in e d  by a Redwood
v i s c o m e te r  and re d u c e d  to  e . g . s .  u n i t s .
The o i l  e n t e r s  t h e  b e a r in g  a t  56 °F . w i th  a
v i s c o s i t y  o f  3 .5 4  e . g . s .  u n i t s ,  and  owing to  th e
te m p e ra tu re  change  in  th e  l u b r i c a n t  t h i s  v a lu e  d e c r e a s e s .
The a v e ra g e  v i s c o s i t y  th ro u g h o u t  th e  b e a r in g  must now be
18
d e te rm in e d  and th e  a p p ro x im a te  method g iv e n  by Boswall 
i s  a d o p te d .  F o r  th e  c a l c u l a t i o n  th e  f o l lo w in g  
q u a n t i t i e s  were e x p e r im e n ta l ly  d e te rm in e d
S p e c i f i c  g r a v i t y  a t  56 °F . s  0 .9 2 4  
S p e c i f i c  h e a t  = 0 .4 5
I t  i s  assum ed t h a t  50 p e r  c e n t  o f  th e  i n l e t  o i l  i s  
n e c e s s a r y  f o r  l u b r i c a t i o n ,  th e  re m a in d e r  c o v e r in g  end 
l e a k a g e  and c o n d u c t io n .  F o r  t h e  l o a d i n g  c o n d i t i o n s  a t  
600 r . p .m .  t h e  a p p ro x im a te  c a l c u l a t i o n  u l t i m a t e l y  g iv e s
X = 0 - 04~[8 t  ° ------ —   (3s)
where A i s  a  t e n t a t i v e  a v e ra g e  v i s c o s i t y  and t.°F. t h e
c o r r e s p o n d in g  te m p e r a tu re  r i s e  o f  t h e  l u b r i c a n t .  T h is
m ust conform  to  th e  a v e ra g e  v i s c o s i t y  cu rve  d e r iv e d  a s
shown i n  F ig .  8 7 . A p l o t  o f  e q u . f 5 8 ) c u t s  t h e  a v e ra g e
v i s c o s i t y  cu rv e  a t  t h e  t r u e  c o n d i t i o n .
S i m i l a r l y  th e  v a lu e  f o r  300 r .p .m .  was o b ta in e d
and i t  was c o n c lu d e d  t h a t  th e  a v e ra g e  v i s c o s i t i e s  in  th e
b e a r in g  f o r  th e  no rm al ru n n in g  c o n d i t i o n s  c o u ld  be ta k e n
a s  R.P.M. 500 400 500 600
X.<w*r. e . g . s .  2 .3  2 .2  2 .1  2 .0






Teh*fpera f'ure F .
Vt$co$ily  ~-Te«M^r<ifurg ^htiraC'tert
J}*r\yed Ai/er^qe ihstos<lly 
or oil tcmforafiArt, ftils>h
hO
4 o2 0
71 niberajtur<£ r:sc m &£artr \<2 . f~
S u b s t i t u t i n g ,  In equ. ( 3 7 ) th e  v a lu e  o f  <X becomes 
444, f o r  t h e  c o n d i t i o n  a t  600 r .p .m .  Hence f o r  th e  n o rm al 
ru n n in g  c o n d i t i o n s  th e  Journal- w i l l  be p r a c t i c a  n y  
c o n c e n t r i c  w i th  the  b r a e s  t h r o u g h o u t  t  J.e sneed  ra n g e .
R e v e r t in g  to  th e  work d i s s i p a t e d  in  th e  b e a r i n g  
t h e  l a r g e  v a lu e s  o f  Q s im p l i f y  e q u a t io n  ( 3 6 ) , which on 
r e d u c t io n  becomes
W. per  vibration =  0-hl  0*  m. lb,f -  — ------ (3<?)
a r e s u l t  w hich  c o u ld  be o b ta in e d  d i r e c t l y  by t a k i n g  mean 
v a l u e s .
Prom th e  e x p e r im e n ta l  v a lu e s  i n  t a b l e  6 t h e  
a m p l i tu d e  f o r  th e  seco nd  o r d e r  c r i t i c a l  speed  o f  600  r . p .m .  
i s  0 . 2 4 t  r a d i a n  w i th  f o u r  p i s t o n s ,  g i v in g  an i n p u t  en e rg y  
o f  T84.4 i n . l b .  p e r  v i b r a t i o n .  S u b s t i t u t i n g  th e  
a p p r o p r i a t e  v a lu e s  in  equ . ('5 9 ) th e  energy  d i s s i p a t e d  
i s  o n ly  8 .9  i n . l b .  p e r  v i b r a t i o n .
T h is  r e s u l t  m igh t be c o n s id e r e d  a s  b e in g  th e  
minimum a p p ly in g  to  th e  c o n c e n t r i c  p o s i t i o n  o n ly .
T h e r e f o r e ,  t o  t a k e  i n t o  a c c o u n t  th e  e f f e c t s  o f  m isa l ig n m e n t  
a s  i n t e r p r e t e d  by  a  v a r i a b l e  v a lu e  i n  eq u . C3 6 )y  a 
p l o t  o f  t h i s  e q u a t io n  f o r  v a r io u s  v a lu e s  o f  i s  g iv e n
i n  P ig .  8 8 . I t  i s  s e e n  t h a t  t h e r e  i s  v e ry  l i t t l e  change 
i n  th e  en e rg y  q u a n t i t y  f o r  v a lu e s  o f  e c c e n t r i c i t y  t h a t  can  
o b t a i n .
From th e s e  r e s u l t s  i t  m ust  be c o n c lu d e d  t h a t  t h e  
dam ping i n  th e  b e a r i n g  i s  n o t  due to  s im p le  s h e a r  r e s i s t a n c e  
c a u se d  by speed  f l u c t u a t i o n .  Such a r e s u l t  i s  n o t  
u n e x p e c te d  s in c e  s i m i l a r  v i s c o u s  t r a c t i o n s  a r e  o p e r a t i n g  
i n  n o rm al  ru n n in g  c o n d i t i o n s  and no abnorm al f r i c t i o n  e n s u e s .
Damping due t o  t h e  f i l m  a p p e a rs  o n ly  a t  r e s o n a n c e  
and m ust a r i s e  from  th e  v i b r a t i o n a l  e n e rg y  a t  t h e  b e a r i n g ,  
and a l s o  from  t h e  p e r i o d i c  d e fo rm a t io n  o f  th e  j o u r n a l  
c a u se d  by t h e  i n e r t i a  to r q u e s  o f  o s c i l l a t i o n .
I t  i s  n e c e s s a r y ,  t h e r e f o r e ,  t o  exam ine t h e s e  
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E l a s t i c  D e fo rm a tio n  a t  J o u r n a l  due to  I n e r t i a  T orques 
o f  O s c i l l a t i o n .
The I n e r t i a  to r q u e s  o f  o s c i l l a t i o n  a r e  a  maximum 
a t  th e  ends o f  th e  sw ing and th e  r e v e r s e d  e f f e c t i v e  
f o r c e s  a t  th e  c r a n k s h a f t  a c t  i n  t h e  p la n e  p e r p e n d i c u l a r  
to  th e  p la n e  o f  th e  th ro w . The r o l l e r  b e a r in g  may be 
ta k e n  a s  a  s im p le  s u p p o r t ,  b u t  th e  lo n g  j o u r n a l  b e a r in g  
m ust be r e g a r d e d  a s  a  d i s t r i b u t e d  o i l  f i lm  s u p p o r t ,  
o f f e r i n g  r e s i s t a n c e  to  d i s p la c e m e n t .  F o r  s i m p l i c i t y  
th e  lo n g  1 in c h  d ia m e te r  shaf t i n g  i s  d i s r e g a r d e d  s in c e  
i t  i s  c o m p a ra t iv e ly  f l e x i b l e .
C o n s id e r in g  th e  f o r c e s  a s  b e in g  c o n c e n t r a t e d  a t  
th e  c r a n k p in  c e n t r e s ,  t h e  f o r c e s  and c o u p le s  a c t i n g  on 
th e  c r a n k s h a f t  a r e  shown i n  F ig .  89 , The i n e r t i a  
f o r c e s  a c t i n g  a t  th e  c r a n k p in s  a r e  b a la n c e d  by a  to rq u e  
M  a t  t h e  j o u r n a l  where a c o n s t r a i n t  i s  in t r o d u c e d  
by th e  o i l  f i l m  r e s i s t a n c e .
W ith th e  c o n s t r a i n t  rem oved, th e  ex trem e 
d e f l e c t i o n s  o f  t h e  s h a f t  a x i s  a re  shown i n  F ig .  90.
The f l e x u l a r  r o t a t i o n  a t  t h e  s u p p o r t s  i s  s i m i l a r ,  b u t  a 
s l i g h t  r e l a t i v e  d is p la c e m e n t  t a k e s  p la c e  on a c c o u n t  o f  
th e  to rq u e  p r o c e e d in g  from th e  j o u r n a l  to  th e  c r a n k s .  
The f o r c e s  and  c o u p le s  on eac h  component a r e  shown in  
F ig .  91.
U sing  t h e  s h a f t  v a lu e s  g iv e n  in  page 21  and 
a p p ly in g  th e  s lo p e  d e f l e c t i o n  method to  each  com ponent, 
th e  l a t e r a l  d i s p la c e m e n t  a t  th e  j o u r n a l  &b  i s  found 
to  be : -
± mch.
I0b
and th e  r o t a t i o n  a t  t h e  J o u r n a l  becomes
±  ± M l K  radian. 
I0lt
where M i s  th e  i n e r t i a  to rq u e  in  l b r i n .
F o r  t h e  mass sys tem  M th e  p o l a r  moment o f
2
i n e r t i a  o f  t h e  c ran k m asses  i s  0 .6 6  l b . i n . s e c  . and th e
Ftg. 2 .̂ Inc rha Forces 
Qnd CoiAjpleS Qn C-ntH kshafbm
M = 4 P r
ea n n<
Constraint rem oved.
F orces a n d  co i^ js le s  
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n a t u r a l  f re q u e n c y  1200 v .p .m . With an  a m p l i tu d e  o f  
0 .2 4  r a d i a n  t h e  maximum i n e r t i a  to rq u e  becomes 2,500' l b . i n .  
Hence w i th  no c o n s t r a i n t ,  th e  l a t e r a l  m o tion  a t  th e  
ex trem e ends o f  th e  J o u rn a l  i s  a s  shown on F ig .  92.
O u ts id e  edge (a )  = . i n .
I n s i d e  edge (b ) = -  0-OOOJ8.  m .
The maximum t r a v e l  a v a i l a b l e ,  due t o  c l e a r a n c e  i s  
±  0 - 0 0 / 2 5  in..
I t  would a p p e a r  t h e r e f o r e  t h a t  the  p o s s i b l e  
d e fo rm a t io n s  o f  th e  J o u rn a l  a r e  q u i t e  a p p r e c i a b l e .
These m o tion s  w i l l  be c o n s t r a i n e d  by th e  b e a r i n g s  and 
w i l l  be superim posed  upon a  r o t a t i o n  h a v in g  l a r g e  speed  
f l u c t u a t i o n s .  I t  i s  q u i t e  im p o s s ib le  to  c a l c u l a t e  th e  
en e rg y  d i s s i p a t e d  in  th e  o i l  f i lm  u n d e r  such  c o m p l ic a te d  
c o n d i t i o n s .  However, s in c e  an a p p ro x im a t io n  a s  t o  th e  
m agnitude  and n a t u r e  o f  th e  e f f e c t  i s  r e q u i r e d  an a t t e m p t  
i s  made to  examine th e  p o s s i b l e  d i s s i p a t i o n  in  th e  o i l  
f i lm .
The D i s s i p a t i o n  o f  Energy due t o  J o u r n a l  V i b r a t i o n . 
i n  a  f lo o d e d  B e a r in g .
F o r  s i m p l i c i t y  I t  w i l l  be assum ed t h a t  l a t e r a l  
m o tion  o f  th e  J o u r n a l  i s  th e  main c h a r a c t e r i s t i c .
C o n s id e r  an  o i l  f lo o d e d  b e a r in g  o f  i n f i n i t e  w id th ,  i n  
which th e  J o u r n a l  i s  g iv e n  a  p e r i o d i c  l a t e r a l  m o tio n .
T hat i s ,  t h e  c e n t r e  o f  th e  J o u r n a l  a t  th e  s t r i p  c o n s id e r e d  
h a s  a  m otion  r /\  co$*p t .  a lo n g  th e  b e a r i n g  c e n t r e
l i n e  Y Y *  F ig .  95 . The o i l  c o n ta in e d  i n  th e  i n t e r s p a c e  
i s  t h e r e f o r e  g iv e n  a  p e r i o d i c  c i r c u m f e r e n t i a l  f lo w .
S ince  th e  f i l m  th ic k n e s s  i s  s m a l l  compared to  
tn e  c u r v a t u r e  and th e  e f f e c t s  i n  t h e  two p a s s a g e s  a r e  
s i m i l a r ,  one p a s s a g e ,  Y ^ Y *  may ^e c o n s id e r e d  a s  two 
p l a n e  s u r f a c e s  d e v e lo p e d  a s  shown on F ig .  95 . In  the 
b e a r i n g ,  th e  f i lm  t h i c k n e s s  a t  A re m a in s  p r a c t i c a l l y  
c o n s t a n t  h e n ce  th e  to p  p l a n e  i s  ta k e n  a s  o s c i l l a t i n g  a b o u t  
0 such  t h a t  th e  end Y  h as  a m o tion  r  A cos j p t .
$ Jr/1 r f f c o  
r f\eo itj t  a\' t
cjey/elojy^dl le*gtt\. 
oj- oh*, jeuassacf*..
f l J ^ L  L a t e r a l  V i b r a h a n  oj* j o u r n a l  in  b e a r i n g  .
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C on siderin g  u n i t  s t r i p  d z  , p e r p e n d ic u la r  to  
the  p lane o f  the  paper , the volume w ith in  th e  in te r s p a c e  
remains c o n s ta n t ,  hence the mean •v e lo c ity  o f  the o i l ,
U a t  x  may be ob ta in ed  as fo l lo w s  
volume o f  o i l  to the r ig h t  o f  X —
“  ^  + (if ~ t \ r ^ C0S9 ^
■ 4 q«) _  ( i  x 1
d t =  -  [ z f
b u t  -  -  -  -  M
d t  '
where hf  i s  t h e  d i s t a n c e  betw een th e  p l a n e s  a t  p o s i t i o n  
X and t im e . T  .
Thus ht  — A (  I +  C0S 9 ^ )  — — — -  (-+2 )
S u b s t i t u t i n g  in  ( 4 1 ) }th e  mean v e l o c i t y  a t  X  becomes
u =  - / I  ~  y  K     i a)
( I +  r  co s jp tJ
A lso , w ith  i n f i n i t e  w id th  th e  l u b r i c a n t  f lo w s  in  one p la n e  
o n ly ,  g i v in g  t h e  p r e s s u r e  c o n d i t i o n
I E  _  X p L
o x  o u
where \  i s  th e  v i s c o s i t y  o f  t h e  o i l .
Prom t h i s  e q u a t io n
u  =  X  t e i ' f  “  i r )  “  {As)
and th e  mean v a lu e  a c r o s s  t h e  s e c t i o n  i s
77   I hr  .
“  X  W  ---------------------- ----------
f l o a t i n g  t h e  mean v a lu e s  o f  LA from (A"?) a n d  (46) and 
s u b s t i t u t i n g  f o r  h f  , g iv e  : -
d p  — p t    . A
<3x /? ( i  + &Lrc0Sj?j-J3 t '
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But from (45)
b u  _  j_  b P  L .  In
by \  b x [ y  2 ,
= 2 r p ( j  - f - ) [ l y  -  h )  » » p t
A2( l - h ^ r z o s p t ) *
■ M  =  <? r V ( T  -  
' ' [ a x /  ^ { l + ^ r c o i p t f
Now the ra te  o f  d i s s i p a t i o n  o f  energy  p er  u n i t  volume 
fo r  th e  p r e ssu re  c o n d it io n  g iv en  by (44)  i s
 (•**)
19'
2 X i t
( d y  . dz )Hence, r a te  o f  d i s s i p a t i o n  per u n i t  area l « y  ac. % ,
/ o
2 2_ arvYl-ir)
~  A f r + ^ r c o v t ) *  " N
T h erefo re , the t o t a l  r a te  o f  d i s s i p a t i o n  F  , per u n i t  
s t r i p  (^z ) ,
+ * / „  *2 \2
_ 4 A r V /  ( 2
A l i  ( l + 2t rC°S? f J  
~ 2
A fte r  approximate in t e g r a t io n ,  (50)  becomes,
r  __ 2 A r V l *
or fo r  the com plete c ircu m feren ce ,
F =  A r V  ttV
-  — (5c?’
/0  $  where ^  i s  the  jo u rn a l d iam eter .
Hence,work per v ib r a t io n  per  u n i t  s t r i p  i s
/<?•* - f  b r * -------------------------------(si)
T9. Lamb’ s Hydrodynamics 4th  ed. p . p .  575.
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Assuming a mean v i s c o s i t y  o f  2 .0  e . g . s .  u n i t s ,  the  work 
d i s s i p a t e d  p e r  u n i t  s t r i p  i s
W =  W'S * 5  ^  x ^  0 * 2'OZ * 1 2  x V  r 2 
17 2 8 * lo3 x 0-00( 25
388 2 " 4 2  p  . /fe, m. joer inch, jper vibration .
From th e  n a t u r e  o f  th e  J o u r n a l  d e f l e c t i o n s  a s  shown in  
F ig .  92 th e  o i l  f i lm  a t  t h e  o u t e r  p o r t i o n  o f  t h e  b e a r in g  
t o  X , w i l l  s u f f e r  th e  g r e a t e s t  d i s t o r t i o n .  T ak ing  th e  
en e rg y  a s  b e in g  d i s s i p a t e d  in  t h i s  h a l f  o f  th e  b e a r i n g  o n ly ,  
t h e  o i l  f i l m  d i s s i p a t i o n  w i l l  be p  f *  . l b .  i n .  p e r
v i b r a t i o n .
A pp ly ing  t h i s  e q u a t io n  to  th e  f o u r  p i s t o n  c a se
where th e  n a t u r a l  f r e q u e n c y  i s  1200 v .p .m .  and th e  i n p u t
e n e rg y  184 l b . i n .  p e r  v i b r a t i o n ,  t h e  v a lu e  o f  r  becomes
0 ,5 5  i f  t h e  t o t a l  i n p u t  i s  assumed to  be a b so rb e d  in  t h i s
m anner. The c o r r e s p o n d in g  mean a m p l i tu d e  o f  J o u r n a l
e c c e n t r i c i t y  i s  0 .0 006 9  in c h .
Thus c o n s i d e r i n g  o n ly  h a l f  t h e  b e a r in g  a s  b e in g
a p p l i c a b l e  t o  e q u a t io n  (51)> th e  a m p l i tu d e  o f  J o u r n a l
e c c e n t r i c i t y  i s  o f  th e  r i g h t  o r d e r  o f  m a g n i tu d e ,  th e r e b y
c o n f i rm in g  th e  r e s u l t s  d e m o n s tra te d  by t h e  e x p e r im e n t s
w i th  and  w i th o u t  g r a v i t y  o i l  s u p p ly .
I t  i s  i n t e r e s t i n g  t o  compare t h e  somewhat
s i m i l a r  l u b r i c a t i o n  e f f e c t s  c au se d  by th e  w h i r l i n g  o f  a
J o u rn a l  i n  i t s  b e a r i n g .  In  t h i s  c a s e  t h e  s i m p le s t
a s p e c t  o f  th e  p ro b lem  i s  t h a t  o f  a  J o u r n a l  r o t a t i n g
round  i t s  own c e n t r e  w i th  an  a d d i t i o n a l  r o t a t i o n  o f  th e
e c c e n t r i c i t y  a b o u t  th e  b e a r in g  c e n t r e .  The f o r c e s
in d u ce d  on th e  J o u r n a l  by such  a c t i o n s  have been  exam ined 
20by R o b e r tso n  in  a p a n e r  which h a s  J u s t  been  p u b l i s h e d .
20 . R o b e r ts o n ,  P h i l o s o p h i c a l  M agazine, J a n .  T9T5, p . p .  117.
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P ig .  94 r e p r e se n ts  th e  problem.
0 i s  th e  c e n t r e  o f  th e  b e a r i n g ,  C t h a t  o f  th e  
j o u r n a l  and  OC t h e  e c c e n t r i c i t y  £  . The r a d i a l
c l e a r a n c e  o f  th e  b e a r in g  i s  <5 and th e  r a d i u s  o f  th e  
j o u r n a l  T . The r o t a t i o n s  o f  th e  j o u r n a l  round  C 
i s  U? and  t h a t  o f  t h e  e c c e n t r i c i t y  round  0  i s  p  
The component f o r c e  on th e  J o u r n a l ,  n o rm al to* th e  
e c c e n t r i c i t y  r e d u c e s  to
_ _  /  /27T \ L us —
( i + n ' - n .
and th e  component a lo n g  t h e  e c c e n t r i c i t y  i s
- f f  |
Now i n  o r d e r  to  compare t h e s e  e f f e c t s  w i th  th o s e  
su g g e s te d  by t h e  a p p ro x im a te  a n a l y s i s  i t  i s  o n ly  n e c e s s a r y  
to  d e te rm in e  th e  work done d u r in g  a w h i r l .
C o n s id e r in g  t h e  superimposed e f f e c t s ,  the fo r c e  
i n  o p e r a t io n  d u r in g  a  w h i r l  o f  c o n s t a n t  e c c e n t r i c i t y  i s
2 4 T T \ Lr
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from which th e  work done l a
W K  M  -  * r . F .  -  _  _  w
2 The* work done i s  t h e r e f o r e  a f u n c t i o n  o f  
*________
i which i s  p r a c t i c a l l y  p r o p o r t i o n a l  t o  j  
f o r  v a lu e s  o f  f  l e s s  th a n  ^  , a f t e r  which i t  g r a d u a l ly  
i n c r e a s e s  and th e n  t e n d s  to  i n f i n i t y  when f  a p p ro a c h e s  
u n i t y .  T his i s  a t y p i c a l  l u b r i c a t i o n  e x p r e s s io n  
i n d i c a t i n g  r a p i d  i n c r e a s e  i n  r e s i s t a n c e  a s  t h e  j o u r n a l
t e n d s  to  come i n  c o n t a c t  w ith  th e  b e a r i n g .
However, f o r  the  v a lu e s  o f  f  l e s s  th a n  %
the  e x p r e s s io n  ) *  ^a s  a
c o n s t a n t  v a lu e  o f  2  , h en ce  th e  work p e r  w h i r l  r e d u c e s  t o : -
W jber rtlnirl *  \  L d  jp f  _  — _  _  — _  ^
o
With th e  e x c e p t io n  o f  a  50 p e r  c e n t ,  d i f f e r e n c e  i n  
c o e f f i c i e n t ,  t h i s  e x p r e s s io n  i s  e x a c t l y  s i m i l a r  i n  form 
to  e q u a t io n  ( 5 1 ) o b ta in e d  by c o n s id e r in g  th e  d i s s i p a t i o n  
due to  v i s c o s i t y  f o r  th e  a p p ro x im a te  J o u r n a l  m o tio n .
Now b o th  t h e s e  e x p r e s s io n s  ('51) and  ((53) 
i n d i c a t e  an a p p a r e n t  l i m i t i n g  c a p a c i ty  o f  b e a r i n g  damping 
when f  i s  u n i t y ,  b u t  a t  t h i s  s e v e re  c o n d i t i o n  i t  i s  
c e r t a i n  t h a t  th e  r e s i s t a n c e  o f  th e  o i l  f i lm  would I n c r e a s e  
r a p i d l y .  I t  would seem t h e r e f o r e  t h a t  t h e  c o r r e c t  f o r a  
o f  b e a r i n g  dam ping sh o u ld  in c lu d e  th e  t y p i c a l  b e a r in g  
e x p r e s s io n .  b + n i - r r  .
However, i n  th e  p r e s e n t  e x p e r im e n ts ,  e x a m in a t io n  
o f  th e  e n e rg y  q u a n t i t i e s  i n  r e l a t i o n  to  th e  s im p le  
e x p r e s s io n  ■ 4 - W y r -  7 shows t h a t  th e  maximum v a lu e
o f  j" f o r  t h e  l u b r i c a t e d  s e r i e s  i s  0 . 5 5 . Even f o r  th e  
i m p e r f e c t l y  l u b r i c a t e d  s e r i e s ,  where th e  maximum a m p l i tu d e  
was so s e v e re  t h a t  th e  l i m i t i n g  c o n d i t i o n  i o r  u n i d i r e c t i o n a l  
m otion  was a lm o s t  e x c e e d e d ,  th e  e n e rg y  q u a n t i t y  would o n ly
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be s u f f i c i e n t  to  make j" =  Q'~jS . T h e re fo re  th e
s im p le  e x p r e s s io n  sh o u ld  be q u i t e  c a p a b le  o f  r e p r e s e n t i n g  
th e  b e a r in g  damping in  th e  e x p e r im e n ts .
Again w i th  e x tre m e ly  sm a ll  e n e rg y  q u a n t i t i e s  
o f  a b o u t  1 .0  l b . i n .  p e r  v i b r a t i o n  such  a s  o c c u r  w ith  t h e  
3 rd  o r d e r  v i b r a t i o n s ,  th e  c o r re s p o n d in g  e c c e n t r i c i t i e s  
a r e  l e s s  th a n  /0 i n c h .  As t h i s  i s  r e l a t i v e l y  sm a ll  
and h a r d ly  a p p r e c i a b l e ,  i t  i e  p r o b a b le  t h a t  th e  damping 
e f f e c t s  a t  th e  b e a r in g  w i l l  n o t  be p r o p o r t i o n a t e l y  
d e v e lo p e d ,  and so th e  method o f  a n a l y s i s  p r e s e n t e d  above 
would g iv e  an o v e r s t a t e m e n t  o f  t h e  dam ping. I t  i s  
c o n s id e r e d  i n a d v i s a b l e  to  e x te n d  t h e  a n a l y s i s  to  t h i s  
c a s e  so f a r  a s  i t  h a s  been  i n v e s t i g a t e d  s i n c e  th e  
a m p l i tu d e s  and en e rg y  q u a n t i t i e s  a re  e x tre m e ly  sm a l l  and 
i n d e f i n i t e .  A change o f  t h e  system  to  i n c r e a s e  the  3 rd  
o r d e r  e n e rg y  q u a n t i t i e s  would r e a l l y  be n e c e s s a r y  to  
examine th e  m a t t e r  f u r t h e r .
However, i t  may be ta k e n  t h a t  th e  s im p le  l i n e  
o f  a n a l y s i s  i s  com p e ten t to  e x p la in  f u l l y  th e  damping 
i n f l u e n c e s  in- th e  r e l a t i v e l y  l a r g e  and d e f i n i t e  a m p l i tu d e  
v i b r a t i o n s  o f  th e  2nd o r d e r .  T h is  damping e x p r e s s io n  
im p l i e s  a s t r a i g h t f o r w a r d  v e l o c i t y  damping and t h e r e f o r e  
s u g g e s t s  a f u r t h e r  e x a m in a t io n  o f  th e  r e s u l t s  on an o v e r ­
a l l  v e l o c i t y  damping b a s i s .
O v e r a l l  T e l o c i t y  Damping.
The m ost r a t i o n a l  way o f  d e a l i n g  w i th  v e l o c i t y  
damping i s  by means o f  a  n o n -d im e n s io n a l  f a c t o r .  T h is  
f a c t o r  i s  d e r iv e d  from th e  e q u a t io n  o f  m o tion  f o r  th e  
s i n g l e  m a s s - e l a s t i c  sy s te m . The s t a n d a r d  e q u a t io n  i s  : -
M y +  R y  -f- F y  &  s/#i u j f ’ (5 4 )
where M y  i s  th e  i n e r t i a  to rq u e  due to  th e  m ass , M  i n
2
e n g in e e r s '  u n i t s ,  l b . i n . s e c  .
R y  i s  th e  damping t o r q u e ,  R  b e in g  th e  damping f a c t o r ,
l b . i n .  o e r  r a d i a n  p e r  s e c . ?
i s  th e  e l a s t i c  t o r q u e ,  
t  i s  th e  a p p l i e d  h a rm on ic  t o r q u e .
A lso  J2 .
-ZTT
th e  n a t u r a l  f re q u e n c y  of
th e  system  .
At re so n a n c e  th e  n o n -d im e n s io n a l  f a c t o r
to  t h a t  which would o c c u r  i f  th e  e x t e r n a l  to rq u e  were 
a p p l i e d  s t a t i c a l l y .  T h is  f a c t o r  has  no d im e n s io n s  and
and i s  th e  m ost g e n e r a l  way o f  d e a l i n g  w ith  t h i s  sys tem .
The c a l c u l a t i o n s  showing th e  r e d u c t io n  to  
t h i s  f a c t o r  f o r  th e  p r e s e n t  a r ra n g e m e n t  a r e  g iv e n  in  
t a b l e  8 .  The e f f e c t  o f  each  g roup  o f  p i s t o n s  i s  shown 
on F ig .  95 by p l o t t i n g  th e  f a c t o r  on a b a se  o f  number 
o f  p i s t o n s .
From i n s p e c t i o n  i t  i s  se en  t h a t  w i th  g r a v i t y  
o i l - f e e d  t o  th e  main b e a r i n g  th e  v a lu e s  show v e ry  good 
ag reem en t f o r  each  n i s t o n  s e r i e s  t h u s  c o n f i rm in g  th e  
v a l i d i t y  o f  th e  n o n -d im e n s io n a l  f a c t o r .  I f  a mean l i n e  
be drawn th ro u g h  th e  p o i n t s  a s l i g h t  p o s i t i v e  g r a d i e n t  
i s  o b ta in e d  s u g g e s t in g  damping in  t h e  p i s t o n  l i n e s ,  b u t  
t h i s  i s  v e ry  sm a ll  on a c c o u n t  o f  the  im p e r f e c t  l u b r i c a t i o n  
e x i s t i n g  i n  each  l i n e .
F o r  t h e  s e r i e s  w i th  im p e r f e c t  l u b r i c a t i o n  a t  
th e  main b e a r in g  t h e  g r a d i e n t  i s  l a r g e r  and i s  p o s s i b l y  
due to  f u r t h e r  dam ping c a u se d  by th e  v e ry  s e v e re  
a m p l i tu d e s  d e v e lo p e d .  T ak ing  mean v a lu e s  f o r  each  
g ro u p  o f  p i s t o n s ,  t h e  a v e ra g e  r a t i o  o f  damping f o r  th e  
l u b r i c a t e d  c o n d i t i o n  t o  t h a t  f o r  i m p e r f e c t  l u b r i c a t i o n  
i s  a p p ro x im a te ly  2 to  1,
becomes and g iv e s  th e  r a t i o  o f  th e  a c t u a l  t w i s t
* 5i s  ad o p ted  by B.C. C a r t e r  f o r  s i n g l e  c ra n k  e n g in e s ,
T a b le  2 bJ c  - -n o n -  U /rnensiona l F a c to r  . M y  .
2 ^  order. îraw itj oil--feed tco maim beari
(canti n ued fro*** table )
One piston Sene.$ "* l*4o b is to r t s e r ie s ! *■ 1 1--
criticalT i^hu t  
Speed | 2 * e n e r g y
r. b.m i lb. m. s e c  indbLlb
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APPLICATION OF THE NON-DIMENSIONAL FACTOR TO RESULTS 
OBTAINED FROM FURTHER EXPERIMENTS CARRIED OUT ON MULTI­
CRANK ENGINES.
In  view o f  th e  c o n s ta n c y  o f  th e  no n -  
d im e n s io n a l  f a c t o r  in  th e  e x p e r im e n ta l  a p p a r a t u s ,  i t  was 
th o u g h t  t h a t  i t  m igh t g i v e  a p r o p e r  b a s i s  f o r  a n a l y s i s  
o f  a number o f  m u l t i - c r a n k  e n g in e s  on which t o r s i o n a l  
o s c i l l a t i o n  i n v e s t i g a t i o n s  had been  c a r r i e d  o u t .
The f i r s t  a t t e m p t  a i  a s o l u t i o n  o f  th e  
p rob lem  was th e  d e te r m i n a t i o n  o f  an e q u i v a l e n t  
a m p l i f i c a t i o n  f a c t o r  f o r  m u lt i -m a ss  sy s te m s .  By assum ing  
th e  f r e e  v i b r a t i o n  form  a t  r e s o n a n c e ,  and a p p ly in g  
s t r a i n  e n e rg y  m ethods, t h i s  f a c t o r  was re d u c e d  to  g iv e  
t h e  r a t i o  :— a c t u a l  to rq u e  a t  th e  node —r-  to rq u e  a t  
th e  node f o r  e q u i v a l e n t  s t a t i c  t w i s t  to  th e  f r e e  v i b r a t i o n  
fo rm . A number o f  e n g in e s  were re d u c e d  on t h i s  b a s i s ,  
b u t  t h e  r e s u l t s  were n o t  q u i t e  s u i t a b l e  f o r  d i r e c t  
a p p l i c a t i o n ,  i n  v iew  o f  th e  l e n g t h  o f  c a l c u l a t i o n  n e c e s s a r y  
on such  an  e m p i r i c a l  b a s i s .
However, s i n c e  th e  m ain  b e a r i n g s  and b ig -  
ends o f  th e s e  e n g in e s  a r e  a l l  l u b r i c a t e d ,  t h e  d i s t r i b u t i o n  
o f  dam ping and i n e r t i a  q u a n t i t i e s  th ro u g h o u t  th e  en g in e  
can be a v e ra g e d .  Hence t h e  e s s e n t i a l  f e a t u r e s  o f  
r e d u c t i o n  a r e  r e t a i n e d  i f  t h e  a v e ra g e  dam ping f a c t o r  p e r  
c y l i n d e r  be  red u c ed  to  th e  n o n -d im e n s io n a l  f o r a  
where M and R  a r e  th e  i n e r t i a  and th e  damping 
q u a n t i t i e s  p e r  c y l i n d e r  r e s p e c t i v e l y .
Where th e  c r a n k s h a f t  i s  s t i f f  r e l a t i v e l y  
t o  th e  f l e x i b l e  p o r t i o n  o f  th e  sy s tem , t h e  two m ethods 
merge i n t o  t h e  s im p le  s i n g l e  mass form .
Method o f  A n a l y s i s .
F o r  c a l c u l a t i n g  R  y o n ly  t h e  c o n d i t i o n s
a t  r e s o n a n c e  n eed  be c o n s id e r e d  and t h e  e n e rg y  method
S 4d e v e lo p ed  by W ydler and Lewis i s  a d o p te d .  A t r e s o n a n c e
3. W ydler, l o c .  c i t .  
4. L ew is , l o c .  c i t .
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t h e  v i b r a t i o n a l  en e rg y  s u p p l i e d  by th e  s t i m u l a t i n g  
im p u lse s  i s  a b so rb e d  e n t i r e l y  by t h e  damning f o r c e s .  
C o n s id e r in g  th e  s i n g l e  c ra n k  system  a s  r e p r e s e n t e d  
by e q u a t io n  ( 5 4 ) ,  th e  work done a t  t h e  c y l i n d e r  by 
th e  p e r i o d i c  to rq u e  d u r in g  one v i b r a t i o n  a t - r e s o n a n c e  
i s  : -
Yl =  T T & y  — —  (ss)
w h ile  th e  work a b so rb e d  by th e  damping a t  th e  same 
p o i n t  i s  : -
D =  a R y y '  — — — — -  -  fa)
E x te n d in g  to  a  m u l t i - c r a n k  en g in e  and 
c o n s i d e r i n g  a p a r t i c u l a r  o r d e r ,  th e  t o t a l  work done a t  
r e s o n a n c e  by th e  c o r r e s p o n d in g  h a m o n i c  t o r q u e s  a t  a l l  
th e  c y l i n d e r s  d u r i n g  a  v i b r a t i o n  w i l l  be
W =  r ^ * Q r y r -  -  -  -  -  f a )I
» -  m
i s  t h e  v e c t o r  summation o f  th e  e n e rg y  
q u a n t i t i e s  a t  e ach  c y l i n d e r ,  due a c c o u n t  b e in g  ta k e n  
o f  t h e  p h ase  r e l a t i o n  be tw een  th e  ha rm o n ic  to r q u e s  
a t  th e  v a r i o u s  c y l i n d e r s .  The f r e e  v i b r a t i o n  form 
i s  assum ed a t  r e s o n a n c e  and w ith  i n t e r n a l  com bus tion  
e n g in e s ,  t h e  to rq u e  c o e f f i c i e n t s  a r e  e q u a l  i n  m agn itude  
th r o u g h o u t .  The v e c t o r  summation may th e n  be re g a rd e d  
a s  a p p ly in g  to  t h e  r e l a t i v e  a m p l i tu d e s  t a k e n  from  th e  
e l a s t i c  c u rv e  a t  e ach  c y l i n d e r ,  b u t  a c t i n g  i n  th e
p h ase  o f  th e  harm onic  to r q u e  u n d e r  c o n s i d e r a t i o n .
HieL e t  c< be m easured a m p l i tu d e  a t  t h e  
fo rw a rd  end o f  th e  e n g in e ,  where t h e  c o r r e s p o n d in g  
r e l a t i v e  o r d i n a t e  o f  th e  e l a s t i c  c u rv e  i s  u n i t y ,  th e n  
l t  'i- ’ X  ' %  • e t c . ,  a r e  t h e  c o r r e s p o n d in g
o r d i n a t e s  a t  e ac h  c y l i n d e r ,  th e  t o t a l  work becomes
W - T Q c O E ( y r  -  -  -  -  f a )
S im i la r ly  the  work absorbed by the damping f o r c e s ,  
co n s id ered  co n cen tra ted  a t  each c y l in d e r ,  i s  approxim ately
D  -
and from eq u a tio n s  ( 5#) and (5^) the  o v e r a l l  damping f a c to r  
per  c y l in d e r  i s
R  =  g
Taking  th e  a v e ra g e  mass p e r  c y l i n d e r ,  t h e  n o n -d im e n s io n a l
f a c t o r  becomes ,
H t ?  =  ^     (
«  Q K * r
E x p ressed  in  t h i s  manner t h e  f a c t o r  may b e
i n t e r p r e t e d  a s  th e  r a t i o  o f  th e  in d u ce d  i n e r t i a  to rq u e
2
a t  t h e  c y l i n d e r  m asses to  th e  a p p l i e d  t o r q u e ,  y  
b e in g  th e  a c c e l e r a t i o n .
T h is  i n t e r p r e t a t i o n  i s  q u i t e  i n  a c c o rd a n c e  w ith  
th e  c o n c e p t io n  o f  o i l  f i lm  d i s s i p a t i o n  due to  i n e r t i a  
r e a c t i o n  a t  t h e  b ig - e n d  and eng ine  b e a r i n g * .
D e r iv a t io n  o f  F a c to r  f o r  a l l  C la s s e s  o f  E n g in e s .
The r e s u l t s  o f  t o r s i o g r a p h i c  i n v e s t i g a t i o n s  
which had  been  made on a few en g in e  sy s tem s by P r o f e s s o r  
M ellanby and  th e  a u t h o r ,  t o g e t h e r  w i th  t h o s e  obtained from  
v a r i o u s  t e c h n i c a l  j o u r n a l s ,  were a n a ly s e d  on t h i s  b a s i s .  
S in c e  e n g in e  damping o n ly  was r e q u i r e d ,  a l lo w a n c e  was 
made f o r  p r o p e l l e r  dam ping where t h i s  o c c u r r e d .
The n e c e s s a r y  d e t a i l s  o f  each  dynam ica l  sys tem , 
t o g e t h e r  w i th  th e  in f o r m a t io n  r e q u i r e d  f o r  th e  c a l c u l a t i o n s ,  
a r e  g iv e n  and  th e  f i n a l  r e s u l t s  a p p e a r  i n  t a b u l a r  form .
On exam in ing  th e  r e s u l t s  i t  w i l l  be se en  t h a t  
t h e r e  i s  a wide v a r i a t i o n  i n  th e  n o n -d im e n s io n a l  f a c t o r ,  
c o r r e s p o n d in g  t o  t h e  form  o f  th e  e l a s t i c  cu rv e  a t  th e
e n g in e . Now, i n  th e  d e r i v a t i o n  o f  th e  damping, f a c t o r
i t  h a s  been assum ed t h a t  th e  damping a c t i o n s ,  such  as
o c c u r  a t  th e  b ig - e n d  b e a r i n g s ,  a r e  d i r e c t l y  d e p e n d e n t  on
th e  a m p l i tu d e  a t  the  c y l i n d e r s .  However, th e  damping
a t  th e  main b e a r i n g s  o f  m u l t i - c r a n k  e n g in e s  i s  n o t  d i r e c t l y
e x p re s s e d  by th e  a m p l i tu d e  a t  the  c y l i n d e r s ,  b u t  i s  r a t h e r
a f u n c t i o n  o f  th e  r e a c t i o n s  due to  web d i s t o r t i o n  on th e
c r a n k s h a f t .  Now f o r  s i m i l a r  c r a n k s h a f t s ,  th e  form  o f  th e
e l a s t i c  cu rv e  a t  th e  e n g in e  may be ta k e n  a s  a s im p le
m easure  o f  th e  J o u r n a l  d i s p la c e m e n ts  and can  be e x p re s s e d  
Q
by , where in  , i s  th e  number o f  c y l i n d e r s  and 6r
th e  r e l a t i v e  a m p l i tu d e s  a t  c y l i n d e r  r  . T h is  f a c t o r  a l s o
i n d i c a t e s  th e  p o s i t i o n  o f  th e  node r e l a t i v e  to  th e  e n g in e .
P l o t t i n g  —!2 . on a b a se  o f  , a s  shown on P ig .  109 ,
R m ’
a  b e t t e r  c l a s s i f i c a t i o n  i s  o b t a i n e d .
The v a lu e  h a s  th e  p o s s i b l e  l i m i t s  1 to  0 ,
c o r r e s p o n d in g  to  t h e  c a s e  where th e  node i s  w e l l  o u t s i d e
th e  e n g i n e , and to  th e  c a se  where i t  o c c u rs  e x a c t l y  a t  t h e
e n g in e  c e n t r e  l i n e  r e s p e c t i v e l y .  In  th e  M v  f i r s t  c a se
th e  e n g in e  v i b r a t e s  a s  one mass w h i le  i n  th e  l a t t e r ,  one
h a l f  o f  th e  e n g in e  v i b r a t e s  i n  o p p o s i t i o n  t o  the o t h e r .
T h is  ra n g e  i s  p r a c t i c a l l y  c o v e red  by t h e  l i s t  o f  e n g in e
sy s tem s g iv e n ,  and i t  w i l l  be n o t i c e d  t h a t  the f i r s t  and
second  modes o f  v i b r a t i o n  f o r  e n g in e  sy s te m  i n  F i g .  96b,
p r a c t i c a l l y  g iv e  th e  ex trem e  v a lu e s  o f  kL B .
Hi
P a r t i c u l a r  a t t e n t i o n  may t h e r e f o r e  be g iv e n  to  t h i s  e n g in e  
s in c e  th e  n o n - d im e n s io n a l  f a c t o r  o b t a in e d  f o r  each  mode 
w i l l  i n d i c a t e  th e  p o s s i b l e  v a lu e s  a t  the  l i m i t s  o f  th e  
v i b r a t i o n  fo rm  f a c t o r .
E bglne  No. A?
Two d y n a m ic a l  sy s te m s  a r e  a v a i l a b l e  a s  shown in  
P ig s .  96a and 96b , where i t  w i l l  be seen  t h a t  t h e  one- 
node form  on t h e  t e s t  bed  P ig .  96a  i s  p r a c t i c a l l y  
s i m i l a r  to  th e  two node form  a t  s e a  P ig .  9#b. A 7J  o r d e r  
re s o n a n c e  c o n d i t i o n  was o b se rv e d  i n  b o th  c a s e s  where
6 th  R e p o r t ,  Mar. O i l -E n g .  T r i a l s  Comm., T ra n s .  I n s t .  Mech, 
Eng. 1931, v o l .  121, p a g e  2 6 8 .
Engine N- h  . b —' j *4 $hroke Siny le a c > h b t A ^ r c ^ h a r ^eJ.
oil engine. ( Ple.}5r$ Scofti Shipbuilding 4 E n ^  & )  
Equivalent' dynamical sy stem of  (4 ) Engine- -  Fly *ikte. I -  Brake and
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the e l a s t i c  form fa c to r  was approaching z e r o , and a 3rd 
ord er c r i t i c a l  was o b ta in ed  fo r  th e  v a lu e  o f  th e  fa c to r  
ap p roxim ately  u n ity ,
During th e  to r s io g r a p h ic  in v e s t ig a t io n  o f  
th e  system  in  P ig . 96a , th e  c ir c u la t in g  w ater was shut 
o f f  from the brake, which was thus running f r e e  and th e  
en g in e  was d r iv in g  a g a in s t  i t s  own f r i c t i o n a l  r e s i s t a n c e .  
The damping a t  th e  brake i s  th e r e fo r e  n e g l ig i b l e .
In F ig . 96b f o r  th e  tw o-node form , th e  engine  
was working under power and a node occu rred  p r a c t i c a l ly  
a t  th e  p r o p e l le r ,  hence th e  damping a t  the p r o p e lle r  i s  
a ls o  n e g l ig i b l e .  The r e s u l t s  from  th e  two arrangem ents 
may th e r e fo r e  be taken a s  a f a i r l y  r e l ia b le  in d ic a t io n  
o f  th e  damping a t  th e  en g in e  fo r  low v a lu e s  o f  th e  
e l a s t i c  foria fa c t o r .
E stim ation  o f  Damping.
I t  i s  n e c e ssa r y  to  determ ine th e  v a lu e  o f  
the harmonic torq u es and th ese  depend to  a c e r ta in  
e x te n t  upon th e  mean power torq u e . The harmonic 
order a r i s e s  in  th e  engine and i s  due e n t i r e ly  to  the  
gas p r e s s u r e s . I n d ic a to r  card s were a v a i la b le  fo r  
the speed range and a harmonic a n a ly s is  o f  th e  
corresp on d in g  torque cu rves was made on ly  fo r  the  
orders r eq u ired .
At th e  order c r i t i c a l s  th e  average mean
e f f e c t i v e  p r e ssu r e s  fo r  the two c a se s  were found to  be
2
2 0 .4  and 118 lb .  p er  in  fo r  F ig s .  96a and b r e s p e c t iv e ly .  
H ence, from a p lo t  o f  harm onic c o e f f i c i e n t  on a base o f  
m . e . p . ,  th e  corresp on d in g  v a lu e s  a t  th ese  two c o n d it io n s  
were found to  be 2 .1 0  and 2 .8 3  l b .  per in  p er  in ch  
ra d iu s  r e s p e c t iv e ly .
From th e  f i r i n g  order g iven  in  F ig . 96a,  
and th e  a p p ro p ria te  en g in e  phase diagram , the v e c to r  
summations o f  th e  r e la t iv e  am plitud es a t  the eng in e  
are a s g iv en  in  F ig s . 96a and b. The en g in e had s i x  
c y l in d e r s ,  24 .41  i n .  d ia m eter , 51 .18  i n .  s tr o k e ,
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th e r e fo r e  f o r  F ig .  96a , 7£ order  one-node c r i t i c a l ,  
the harmonic torque per c y l in d e r  becomes :-
Q — 2*/% 4(o$ x ^  =  25,200 lb. in.
T e rc e ,  from  e q u a t io n  ( 6 o ) ,  th e  o v e r a l l  damping f a c t o r  i s  : -
R  her  W  =  * 5 1 'A
I W -2 x Z'04  x 0'33
=  5 2 4 0 0  m. lb  sec.
and  c o n s e q u e n t ly  from  e q u a t io n  (61) th e  n o n -d im e n s io n a l  
f a c t o r  i s  found to  be : -
Mn _  34 g X /0* x =  ^
R s t , 4 0 0
The e l a s t i c  form  f a c t o r  a t  the en g in e  i s  0 . 1 1 4 .
S i m i l a r l y ,  from th e  d a t a  g iv e n  i n  F ig .  96b ,
/W*7th e  v a lu e  o f  ■ g -  f o r  th e  7 |  o r d e r  two-node c r i t i c a l  i s
found  to  be 44 .1  f o r  th e  e l a s t i c  form f a c t o r  0 ,0 6 4  .
C o n s id e r in g  th e  3rd  o r d e r  one-node  c r i t i c a l .
a t  56 r . p . m . , F ig .  96b, th e  d i s t u r b i n g  to r q u e s  a g a in  a r i s e
o n ly  a t  t h e  e n g in e ,  b u t  in  t h i s  c a s e  th e y  a re  due b o th
to  th e  g as  and th e  i n e r t i a  f o r c e s .
From th e  t r i a l  r e s u l t s  t h e  m .e .p .  a t  t h e
2
c o n d i t i o n  r e q u i r e d  was a b o u t  38-40 l b .  p e r  i n  . A gain , 
from th e  c a r d s ,  t h e  3rd  o r d e r  harm onic  to rq u e  due t o  th e  
gas  p r e s s u r e  was fo un d  t o  be 2 2 ,mJ s tr \^ 0  4 .4 0 ^  i p a
p e r  in *  p e r  i n .  r a d i u s .  Hence *  272 ,000  i n . l b .
p e r  c y l i n d e r .
The u n b a la n c e d  3rd  o r d e r  i n e r t i a  to rq u e  f o r  
th e  e n g in e  i s
—  £ Jfl/. m/*r 2 C S m i u f t .
*
where W i s  t h e  r e c i p r o c a t i n g  p a r t s  ~  5 ,350  l b .  Pe r  l i n e ,  
i s  th e  r o t a t i o n a l  sp e e d ,  T i s  th e  c ra n k  
r a d i u s ,  and C i s  t h e  to rq u e  c o e f f i c i e n t  = 0 .T 922 f o r  
r  =sr 4 ‘0 where t  i s  th e  l e n g t h  o f  t h e  c o n n e c t in g  
ro d .
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S u b s t i t u t i n g  th e  v a l u e s ,  th e  i n e r t i a  to r q u e  becomes 
*= — 60,160  i n . l b .  p e r  c y l i n d e r .
From th e  e n g in e  p h a se  d iag ra m ,  the gas  p r e s s u r e  t o r q u e s  o f  
a l l  th e  c y l i n d e r s  a r e  i n  p h a s e ,  hence  th e  n e t  harmonic, 
to rq u e  p e r  c y l i n d e r  i s  a p p ro x im a te ly  
6 ^ + 3 ^  «  2 1 1 ,8 4 0  i n .  l b .
The i n p u t  work p e r  v i b r a t i o n  i s  by e q u a t io n  ( 5 8 ) and 
f u r t h e r  d a ta  from F ig .  96b
W = I f  X 211 ,840  X X 5 .7 8 4
57 .4
= T3 2 ,8 0 0  i n . l b .  -  — — _  -
In  t h i s  c a s e ,  how ever, th e  a m p l i tu d e  o f  o s c i l l a t i o n  
i s  l a r g e  a t  th e  p r o p e l l e r  and c o n s e q u e n t ly  th e  v i b r a t i o n a l
e n e rg y  d i s s i p a t e d  t h e r e  m ust be a l lo w e d  f o r .
4 5By Lewis and  P o r t e r  , t h e  p r o p e l l e r  damping i s
a p p ro x im a te ly  g iv e n  by
e ~ J ± H L --------------------------------------- M
f o r  norm al p r o p e l l e r s  and  s l i p s ,  where T  i s  th e  p r o p e l l e r  
to rq u e  i n . l b . , M i s  th e  r e v o l u t i o n s  p e r  m i n . , and  ^  
i s  t h e  damping f a c t o r  l b . i n . s e c .
4
From page  262 o f  th e  T r i a l s  R e p o r t ,  t h e  to rq u e  a t
p r o p e l l e r  s h a f t  by t o r s i o j n e t e r  was 19,750 f t . l b s .  a t  7 0 .5
r .p .m .  Hence th e  p r o p e l l e r  to rq u e  a t  56 r . p .m .  i s
/  56
a p p ro x im a te ly  W J 5 0  * /2  *(■=£;^1 =  T5 0 ,0 0 0  i n . l b .
From e q u a t io n  (63) th e  c o r r e s p o n d in g  p r o p e l l e r  damping i s  
f  = 92 ,100  i n . l b . s e c .
The a m p l i tu d e  a t  t h e  p r o p e l l e r  i s  o b ta in e d  from F ig .  96b 
as  ±  8 -29  . T h e r e f o r e ,  by e q u a t io n  ('5 6 ) th e  e n e rg y
a b so rb e d  by th e  p r o p e l l e r  damping i s
J)p = TO6 ,000 i n . l b .  p e r  v i b r a t i o n .  — -------- (6-f)
Hence, from  e q u a t io n s  (62 ) and (64) t h e  e n e rg y  a b so rb e d  
by  th e  e n g in e  i  s : -
J)£ = 2 5 ,8 0 0  i n . l b .  p e r  v i b r a t i o n .  — -  — — (45)
4.  l o c .  c i t .
5. P o r t e r ,  l o c .  c i t .
a . loc. c i t .
and from  e q u a t io n s  ( 6 )̂ and (51) th e  v a l u e  o f  R p e r  l i n e
M n
i s  73,^00  i n . l b . s e c . ,  g i v i n g  ——  =  8 ,8  f o r  an e l a s t i c
R
form f a c t o r  o f  0 .9 6 4  ,
Comparing e q u a t i o n s  (64) and ( 0 3 ) i t  / / i l l  be 
seen  th a t  , due to  the l a r g e  a m p l i tu d e  a t  t h e  p r o p e l l e r ,  
a b o u t  80  p e r  c e n t ,  o f  the  t o t a l  v i b r a t i o n a l  energy  i s  
a b s o rb e d  a t  t h a t  s o u rc e .  Hence a. 1 C p e r  c e n t ,  e r r o r  
i n  c a l c u l a t i n g  th e  p r o p e l l e r  damning would r e s u l t  i n  
p r a c t i c a l l y  1 0 0  p e r  c e n t ,  change  i n  th e  en g ine  f a c t o r .  
However, even a l lo w in g  f o r  such  a  change , i t  i s  seen  
t h a t  t h e  e n g in e  f a c t o r  i s  g r e a t l y  d i f f e r e n t  from t h a t  
o b t a in e d  w i th  th e  node o c c u r r i n g  w i th in  th e  e n g in e .
A g a in , i t  m ig h t be th o u g h t  t h a t  th e  d i f f e r e n c e  
i n  th e  e n g in e  f a c t o r  may be due to  such  e f f e c t s  a s  
h y s t e r e s i s  i n  t h e  s h a f t i n g  m a t e r i a l .  The maximum s h e a r  
s t r e s s e s  a t  the  n o des  f o r  t h e  re s o n a n c e  c o n d i t i o n s  i n
p
a l l  t h r e e  c a s e s  do n o t  ex ceed  3 t o n s  p e r  i n  . R e f e r r i n g  
to  t h e  c o l l e c t e d  d a ta  on h y s t e r e s i s  g iv e n  i n  P ig .  84
p a g e 4 8  , i t  i s  seen  t h a t  t h e  Lewis e q u a t io n
3 2 l b . i n .  p e r  i n  , where 5 i s  i n  t o n  p e r  i n  , amply c o v e rs
2
a l l  th e  s t e e l s  up to  3 to n s  p e r  i n  . Now t h i s  e q u a t io n  
e x p r e s s e s  R o w e t t 's  v a lu e s  f o r  m ild  s t e e l  i n  t h e  a n n e a le d  
c o n d i t i o n ,  hence  i t  w i l l  g iv e  a l i b e r a l  e s t im a te  o f  th e  
h y s t e r e s i s  e n e rg y  f o r  t h e  two sy s te m s .
A p p ly in g  th e  e q u a t io n  to  th e  a c t u a l  d im e n s io n s  
and s t r e s s e s  a t  each  p o i n t ,  th e  t o t a l  h y s t e r e s i s  en e rg y  
f o r  th e  one-nod e  c a s e ,  P ig .  96b where th e  maximum s t r e s s e s  
o c c u r  i n  th e  t u n n e l  s h a f t i n g ,  i s  l e s s  th an  33 p e r  c e n t ,  o f  
the  en e rg y  a t t r i b u t e d  t o  eng ine  damping, e q u a t io n  ( 6 5 ) .
S i m i l a r l y ,  f o r  th e  two-node c a s e ,  F ig .  96b , 
where th e  maximum s t r e s s e s  o c c u r  w i th in  th e  c r a n k s h a f t ,  
th e  e n e rg y  due to  h y s t e r e s i s  i s  o n ly  a b o u t  28  p e r  c e n t ,  o f  
t h a t  a s c r i b e d  to  th e  e n g in e .  I t  may be c o n c lu d e d ,  
t h e r e f o r e ,  t h a t  th e  d i f f e r e n c e  i n  en g in e  f a c t o r  i s  n o t  
due to  h y s t e r e s i s .
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Engine ITo . E.
F u r t h e r  mass sys tem s of a  s i m i l a r  form in  
which t i e  node o c c u r s  w i th in  th e  en g in e  a re  g iv e n  in  
Fig* 97. P r a c t i c a l l y  s i m i l a r  r e s u l t s  are  obta ined, 
and these a r e  p l o t t e d  in  F ig .  109. E xac t  re so n an c e  
fo r  th e  one-node a t  s e a - was riot o b t a i n a b l e ,  since th e  
running speed was too  low f o r  c r i t i c a l  v a lu e s  of any 
importance.
Ann1i f i o n t i o n  Fa. c to r  a.t V alues  of = — ss 1 .   m  — -*
8fa )  D i r e c t  Values. Values of as l  can onlv occur
d i r e c t l y  i n  r a d i a l  e n g in e s  o r  i n  sy s tem s h a v in g
c o m p a r a t iv e ly  r i g i d  c r a n k s h a f t s  o s c i l l a t i n g  a g a i n s t  a
21
v e ry  heavy  m ass. B. C. C a r t e r  s t a t e s  t h a t  t h e  
a m p l i f i c a t i o n  f a c t o r  f o r  r a d i a l  e n g in e s  i s  a b o u t  5 - 1 0 , 
and g i v e s  a  s p e c i f i c  c a s e  from t e s t  a s  8 .3  . The 
e x p e r im e n ta l  a p p a r a tu s  o f  th e  p r e s e n t  work may a l s o  be 
c l a s s i f i e d  in th i s  c a t e g o r y .  The p i s t o n s  were open to  
th e  a tm o sp h e re ,  b u t  v e ry  l i t t l e  change i n  the  damping 
would be e x p e c te d  i n  t h e  norm al e n g in e .  From F ig .  95
Mnth e  a v e ra g e  v a lu e  o f  ~~~X ~ i s  a p p ro x im a te ly  1 0 .
K
(k ) I n d i r e c t  V a lu e s . F u r t h e r  v a lu e s  f o r  e l a s t i c  form 
f a c t o r s  a p p ro x im a te ly  u n i t y  can be o b ta in e d  i n d i r e c t l y  
as  i n  th e  one-node  c r i t i c a l  f o r  E hg ine  No. A, by 
s u b t r a c t i n g  th e  dam ping d u e  to  the p r o p e l l e r .
E ngine  No. Cf.
F ig .  98 g iv e s  th e  n e c e s s a r y  d a ta  o b ta in e d  
from  a f o u r  c y l i n d e r  t r i p l e  e x p a n s io n  steam  e n g in e  
d r i v i n g  a t h r e e - b l a d e d  p r o p e l l e r .  A 3 rd  o r d e r  one- 
node c r i t i c a l  was o b se rv e d  a t  141 r .p .m .  T h is  was 
found  to  be  s t i m u l a t e d  m a in ly  by t h e  e n g in e ,  s in c e  
un eq u a l  c ra n k  sp a c in g  was a d o p te d  f o r  b a l a n c i n g  
p u r p o s e s ,  a n d  a l s o  b e ca u se  th e  power d i s t r i b u t i o n  was 
n o t  u n ifo rm  th r o u g h o u t  th e  c y l i n d e r s .
From th e  i n d i c a t o r  c a r d s  ta k e n  d u r in g  th e  
t r i a l s , t h e  3r d  o r d e r  to rq u e  c o e f f i c i e n t ,  i n c l u d i n g
21. C a r t e r ,  The J o u r n a l  of th e  Hoy. Aero. Soc. 1927. p .  278.
E ngine, f l — B. b c y lin d e r   ̂ 3 . - s t r o k e  Sinyfe ae-tm y o il engine.
(Messrs. ^eo lts  Sh,^?(?iAt(d<^y <4 Eny% Coy.)
E qu iva len t <Ayna*i(<LCk( sy s te m .
Mass I 2 3 a 4  5 b  b
j-*—- ----- f n g m c  -
□
 b
—   --------
M . lb 1h.sec
X tO'






Brake D  
□
L _ , _ J
1
I ' | j | I I j Average mass p*r j
^  c y /- 3 4 ’8*f<? *n
S ' ^  ^  «3T ^  ts- £  lb m sec' ^<s» <A <n *0 -  —
i
v 1 >*< > e  >
lA Ui i Vi\ 2
O Q w CS fco








vVfc? f  * fOO .V.jZHi.
fEelahve pUtudes
* *  « W ' / -  1 2 + v.fm .
Mass l i- / Z 3 a 4 5 b b c, j
Tnode (Brake] loooo 0S(,bZ OiobbZ — -0U12 -0- 31b? -0-M44- 0 S2 & -o v n  j
IErode(frob- ). \ 00 00 0 857<t O'bdW 0 2410 - 0-1170 -  04blo - 0 7 0 1 +& Q50 |
(brake running ^ree) , /I hijslitudeat Mess J1* 1* 0- iz!q°
*?- order2 node eri heal a t  13 r.f.m.
Qrnbhtudeah Mass m  1 - 0
Finny order. /, b/I 4 3 $  k cyl-" Z~]n d/a x 45" stroke.
* ̂ ~ f ' " ""' -nr̂ wr- f  ̂ ^
Brake Syshem f <?- order 1 node: fnymc phase diagram. ^  & — 3(*1Z . • ^  0 - 2 ~Jf£
E U sh c  -form f a c f o r t ^ t ^ / b  =  0- 22<f . H a rm on ir, to rque Co€j j t .  *  3 ' 7 o  f tp »x
^<er m radius ( from cards a t  M.E.p. i'I S -  7.0 Ibjm7' )  ,
^  f̂ jp€'r tne — 5~ I Zoo lb. in. sec. Hence ft? ^
?■’ope.fler System order Z n o d e : Enq**e phase diagram  = 3 85~f •
relative damping work  ~  Z -^o S  • elastic form  fa c to r  ^ -  0 ' f<f 3 ,
ffcrtHomc. torque co*j(jt. =  3 £ o  fbjm1' p er  in rAcfaus (from cards a t  m.e.p 50 Ibjin3'') 
•• % p er hne. — J 'fy oo lb in. Sec. Hence ^ f t ?  =  38*1  .
E"<$•/'*' C tr ip le  - e x pan sion  steam en g ine.
{Mess rs 1} $.ov4ar\ 4r £ o y )
Egu i vale* t dynamic*( *gste.w\
Hf WlLr m








Hass m HE. Lf. M.fx MP, fro p t .
1. node. 1 000 o - w o d <74332 0 9 W - 0  733 /
Mean hooo - 0-773
M eus u r e d : 3 ^  order I n o d e  critica l  
a t  141-143 r.p m  Amp litu d e  a t  
■̂gui talent eng ine mass — £  O' ~]'2.4°
Corres pond mg Amplitude at propel ler *= — 0-5b 
141 f.pM. V~_ order tongue c°̂ fft including inertia ejjects — h'ZgOOO in lb. ah engine 
Input energy *=■ 24bo tn \b per̂ ib~ Propeller torgue “ 3f3tOOO m.lb.
.*.  Propeller damping f* -  ^3^500 in. lb sec Energy absorbed by propeller =  !2 b o  m lb 
per Vib~ Energy attributed to engine — 12.00 in.lb (by d iffe re n c e )  E n g in e  
d a mping R. =  5 3 500  in. lb. Sec . fieute  %  -  4 &. Elastic form  f ac t or ~  0 ‘
Engine hi- 'J) 3  c y l in d e r  t r ip le  - e x p a n s io n  steam  e.ncgtn eE'gEiy
(^Me$Sr$. $ec>tts Shipbuilding 4 E ng t Coy )
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• ■ “  * ■  1
—   1
_tjeas tArecj;  $rd  order Inode cr itica l a t  H5 r.p a ..  A m p h tu d t a t  engine m a ss  —
— 1'125° And amphtud* ah propeller t  .
order torque coefft including inertia — 44 2oo in lb> at engine. Input
Cntrgy x IS400 m.lb par v*b-. Propeller toryue ~ $~J5 oOO in lb. -'■ propeller damping 
f = $l~ltOQO in.lb.sec.. Energy absorbed by propeller Id boo m lb per *•(?* Energy
attributed to engine = 3$0O m.lb (by difference) Eng me damping 44pOO m H) tec.
Hence %. = lb 0 Elastic form factor 0 4 7 2
- 74 -
i n e r t i a  e f r e c t s ,  was found to  be 13.5  pet* c e n t ,  o f  the  
mean in d ic a te d  torque a t  141 r .p .m . ,  g iv in g  a va lu e
62 .000  i n .  l b .  Prom the  data  g iv e n  in  P ig .  98 the inp ut  
v i b r a t io n a l  energy i s  2 ,4 60  i n . l b .  per  v ib r a t io n .  The 
t r i a l  r e s u l t s  a l s o  g iv e  a p r o r e l l e r  torque o f  about
3 8 3 .000 i n . l b .  a t  141 r . p . m . ,  from which the p r o p e l le r  
damping f a c t o r  become® 93 ,500  i n . l b . s e c .  With an
1 o
am plitude a t  the p r o p e l le r  o f  X  0 .5 6  the energy
a b so rp tio n  becomes : -  1 , 2 6 0  i n . l b .  per v ib r a t io n .
By d i f f e r e n c e ,  th e r e f o r e ,  the energy a t t r ib u t e d  to eng ine
damping i s  : -  1 ,200  i n . l b .  r>«r v i b r a t i o n  g i v i n g
R = 53*500 i n . l b .  sec..
MjpWhence =  5 , 6  f o r  an e l a s t i c  form f a c t o r  o f  0 . 9 p 4 .
K
Engine  l o .  D.
F ig .  99 g i v e s  the r e s u l t s  from a t h r e e - c y l in d e r
t r i p l e  expansion  steam e n g in e ,  d r iv in g  a fou r-b la d ed
p r o p e l l e r .  A 3rd  o r d e r  one-node c r i t i c a l  was o b se rv e d
a t  9 5  r . p . m .  Prom an a n a ly s i s  o f  th e  i n d ic a t o r  cards
the 3 r d  o r d e r  t o r q u e  c o e f f i c i e n t s  were d e te rm in e d  and
th ese  were combined w ith  the corresp ond ing  i n e r t i a  t o r q u e .
The damping a t t r ib u t e d  to  the eng ine  was e s t i m a t e d  a s
shown, g i v i n g  a n o n - d i m e n s i o n a l  f a c t o r  o f  16,0 .
In both  en g in es  C and D, the maximum v i b r a t i o n
2s t r e s s  a t  the node was l e s s  than 1 ,5  ton s p er  in  so th a t  
the  h y s t e r e s i s  e f f e c t  i s  hard ly  a p p r e c ia b le .
Engine Nos. E and F .
Further examples o f  the  form fa c t o r  
approxim ately  u n i ty  are  deduced from th e  data g iv e n  by 
F. P. P o r te r ,  Trans. A . S . M. E . , A.P.M. ,  31- 22 ,  1929.
Both e n g in e s  a r e  o f  the  4 - c y l in d e r  t r i p l e  e x p a n s io n  ty p e ,  
d r iv in g  a 3-b laded  o r o o e l l e r .  The mass system s and 
o th e r  n e c e s s a r y  i n f o r m a t io n  a r e  g iven  f o r  each case  i n  
F i g s .  100  and 1 0 1 . The to rq u e  c o e f f i c i e n t s  f o r  t h e  
e n g in e  g iv e n  i n  P ig .  100  were g iv e n  i n  d e t a i l ,  and as  
th e  e n g in e  i n  P i g .  101 was e x a c t l y  s im i la r ,  t h e  to rq u e
E'<g • ■ Eng ine, N '  E  4  -  c y h*\de,r tr  i p ie  - expansion steam engine
Oklahoma ( E- R Porter Trans. fl. S M E., /? F ftf 5l~22  .)
Fm II p ower ra ting 10850 l.h p. ah 82 rp\m
E q u i v a l e n t  dy n a m t c a l  Syst*z»m
Actual Mr7'
= 32 J x to* (b>/L
Equivalent Wr2-
/F w'*’ * 10 k ^
Tors i o n a  I
\hb~ Eorm
M e a s u r e d : ^4" o r d e r  I n o d e  C r i t ic a l  a t  1 2  r . p n i .  Amplitude, a t  p r o p e l l e r
— — I 2{? ■ c o r r e s p o n d i n g  amp li tu d e .  a t  e n g in e  = i . 2 4 8 °
12. r pm :- 4 -  Prefer torque coej^ t  resu ltan t = 4 0 0  OOP in.lb. a t eng ine. (g iven) Input 
^nergy — p4300  lb.in per Vij?- Propeller torque — (340,000 in lb .. Propeller damping 
p -  b42C00. tnjb.seC. Energy absorbed by propeller  =  2 S  £ 0 0  m. Ib.jvilgP. Energy
attributed to engine, -  2 5 5 00 m.lbjvib'  (by d,jjerc^ce) . Engine dumping R  «
144 ooc m . lb see % flence ^ /fZ  — !~f ~I . Elastic form factor  =  /
j E n g in e  M- F . 4  cy lin d e r  trip le  - e x p a n s io n  sh a m  engine /  lex. as*
(E ?. Porter Trans . A.5 PtE_̂ _ A t  PI 51 2 2  FW f po w er ra ting  142 5 0  /.h p  a t
82. r.p ty .
Actual bir/ I ~ "I
= 33 7 * 'O4, /fei,*
5 3 £ x  io




Ib . t r /  X 10**
T o r s io n g  I
Vib- Eorni
Enf ne roipc.lle r
CS





Measured 3r- order Inode critical at to2L V.pnj Amplitude at engine j  l'4b°
Qnd t. 12* mean £ t’38° ; Amplitude at propeller E 0-(,5°
4 order Inode critical at “J8 r.pfli Amphfutle at n̂gme i. 2 4 ®
Amplitude a t propeller — Jt 10 .
Rabo. to iulta*!' ^or^ue coeffK ^or^7exa»_ =
Pcsultant torque coejyt for Oklahoma' =====-==
3 ^  order at 102 r.p.m Resultant 3*4 order torque Coejjt = 4 4  (oQOQ in lb. at engim 
Input energy ~ 33 ~JOO in lb. per Vibration Propeller torque ~ 3^0 OOO in. lb 
Prope((cr dampjng_p = I 320 000 tn lb sec. Propeller absorption = OO '»r tbp*r v/J?- 
Energy attributed to engine ** Ib 4o0 w-lb per vtb- m Engine damping R.  ̂
2 7 7 000 in.lb sec,. Hence. /fe — 10 25 Elastic form* j-actor »* /
4^ oro/er 18 r.p.m. Resultant 4^ order torque coejjt* boEooo mjb at engine. 
Input energy =  7 p̂Oo <n. lb per vibration . Propeller torque ~ 2l(oOtooo in. lb.
Propeller damping f  ** 000 tn.fbsec. Energy absobed by propeller =_
3 5 8 0 0  m .lb p e r  \fib~. Energy  a t tr ib u te d  to en g in e  g  4 3  ^ 0 0  in.lb p e r  \/i b - .
d a m b m a  R  — 2 4 4 000 in .(b .se x .. th » c e  U ' b 5  . Elastic, jorm  f a c t o r -  I m
-  75 -
c o e f f i c i e n t a  a r e  ta k e n  in  t h e  h o r s e  power r a t i o .
In  P ig .  100 a 4 th  o r d e r  o ne -n o d e  c r i t i c a l  was
M no b se rv e d  a t  72 r . r . m ,  and on r e d u c t io n  t h e  v a lu e  o f  -jf-
K
becomes 1 7 , 7  .
S i m i l a r l y  from en g in e  F, where b o th  a  3 rd  and
M*?4 th  o r d e r  on e -no de  were o b se rv ed  i s  shown to  be
10’.2 5  and  T I .6 5  f o r  a  form f a c t o r  o f  u n i t y .  *
Exam ining t h e  f a c t o r s  deduced by d i f f e r e n c e
from m arine  p r o p e l l e r  sy s te m s ,  i t  would a p p e a r  t h a t  f o r
e l a s t i c  form  f a c t o r s  o f  u n i t y ,  th e s e  i n d i r e c t  v a lu e s
ap p ro x im a te  to  th o s e  o b t a in e d  d i r e c t l y  as  in  ( a ) .
V a lu es  o f  —----  be tw een  0 and I . ’ F o r  v a lu e s  M  ---------------------------------------
o f  — — c o r re s p o n d in g  to  i n t e r m e d i a t e  form f a c t o r s ,m  7
r e s u l t s  a r e  ta k e n  from p u b l i s h e d  d a t a  and red u c ed
a c c o r d i n g l y .  D e t a i l s  a re  g iv e n  in  P i g s .  102 -  104
o f  o i l  e n g in e  g e n e r a t o r  s e t s .  In  each  c a s e  th e  m asses
a t  t h e  c o m p a ra t iv e ly  f l e x i b l e  c r a n k s h a f t s  o s c i l l a t e
a g a i n s t  t h e  heavy f ly w h e e l  and g e n e r a t o r .  A f u r t h e r
r e s u l t  i s  g iv e n  in  "Drehschwingungen in  K o lbenm asch inenan-
l a g e n ” by H W ydler, o f  a  1 0 - c y l i n d e r  o i l  e n g in e ,  b u t  a s  a
f r i c t i o n  c l u t c h  was f i t t e d  betw een th e  e n g in e  and
g e n e r a t o r ,  t h e r e  a p p e a rs  to  be some p o s s i b i l i t y  o f  th e
c l u t c h  h a v in g  s l i p p e d .  T aking  th e  v a lu e s  a s  m easu red ,
how ever, t h e  noiji&imensional f a c t o r  becomes 9 .6  f o r  a
form f a c t o r  = 0 . 6 7 5 , which i s  seen  to  be low
10
and  i s  in  a c c o rd a n c e  w i th  p o s s i b l e  c l u t c h  a l i p .
In  P ig s .  TO5 and  TO6 s i m i l a r  d e t a i l s  a r e
g iv e n  o f  s t r a i g h t - i n - l i n e  a i r  c r a f t  d r i v e s ,  i n  which
c a s e s , t h e  e n g in e  o s c i l l a t e s  a g a i n s t  a  v e ry  heavy  a i r s c r e w ,
The m easured  a m p l i tu d e s  g iv e n  i n  P ig .  105 show th e
d i f f i c u l t i e s  i n  r e c o r d i n g  o s c i l l a t i o n s  a t  such  h ig h
the
r o t a t i o n a l  sp e ed s  and f r e q u e n c i e s .  InA" R e p o r ts  and 
M e m o r a n d a d e a l i n g  w i th  t h e  8 - c y l i n d e r  e n g in e  th e  
e l a s t i c  c u rv e  f o r  th e  o r i g i n a l  s h a f t  was n o t  shown,
22. R. & M ., No. 1303, E. 39.
Fiy 102. £»i^/<ie fj~  *7 . b  c y  I tn der  4  i t r o k e .  S/nyfe  - achtny  o i l - e n jm e ,
( Wydler ^ r e h s c h w i^  unyen tjr̂  Kotben ma scA /^r<2*̂1 luyen. )
Er ŷuVcxle t̂F <Ayru\*v\i<z*j\l s y s t e m .
M a i ,  t i L' /
F /m lb jj*-> fad"
X /0
^  A
M- ^  s . ."  £  g
Torsion* I
-  £f>̂ w/




Relattye amĵ lttudcs . (ajpbrox.')
Mass m / 2 3 4 5 b 7 8
1 n o d e . t 000 o-qsq 0-88 0 71,5 O-folb 0 -4 4 1 0 -2 5 1 - 0 - 4 8 2
Measured ordei'r  ̂ I node e-rihcal a t  3 ^ 0  r.jcr.m. A *tjphtude a t  m a ss  
fl-1  — T  I 13° o rd er  Inode. jiV c s  : ^2:̂ *0 = 4 L b  • ^  3  ' 8  b
Ond e la s tic  fo rm  fa c to r  ~ O '7  ~jb . b cyl--  ̂ 3 5 c m .d iu  X 33 cm- reduced
stro k e . Harmonic torcjue coe^/. b ’tb Jbjin1 j?er m. radius f y ieenj
.'• R joer line == 1325 m .lb. sec } Hence ~ I!? 3
Fiy 103 Enym*- N- H. b cylinder 4  i t  roke  j S in y le -a eh n y  O il-C nym e
(Wydler Vrch$chi^myunye.n in Kol benmascbmen an Igyen )
Equivalent dynamical system .
Mas IP / 2  ̂1 4 5 *□ □
Ff lb. m jeer n*.i
X10
Mk lb m sec 2 ^
Torsional 
\/ibrahon Form




l^ o d T ~ 7 it^ jr ^
R elative timjphtudcs.
Mass M2 1 r 3 4 5 b 7 8
I. n o d e 1000 0 4 4 1 0 8 4 8 o - m 0 5 4 3 0 350 —- - 0 * 2 0 3
Me<nsmred'. b̂ order I node critical at 358 Amjphtiade at mas
Nit — i jig* &- order Inode ?.✓»>; ^9=Ai2 ; £, g*- 3 Mi ;
elastic form factor Q'12 . bcyl-̂ 45*m dta *42.cm. stroke { reduced)
Harmonic to ry 14 e coefft5 28 lbj*»Z far in radius (qurcn)  ̂fser Ime ~ 
%̂iO lb. m. sec.. Hence  ̂2.0'3
L ,43 {oj*
rqf entjt^e.
R e th e n  m o  ho re n
F lb  in. p e r  radF 
X 104
£>'*■"*  ̂ -T. b~  cy linder 4  stroke. Siny U -qctin y
E f*1 tJ . b t ie<y!I ty - & r e b sc h w  m yiA nyen tr\
^ uf t f a h r h f o r $ c b u n y   ̂ t i -  £  J u ly  2-4 . ^ 2^ )
Equivale n t  d y namica l sy stem
2 3 4  5  b 7
M lb. m secz  ^
Torstona I 
Vibrahon Form
hirscre W4  05
lnodeviE*~~y~7----- —i_
/ ' '  6 'JoV p .
Relative 4**p i t  tu\des
Average_
Ma5s p*r
c y l-r, O-SU  
lb- in- se c 2'
/Y2 / 2 3 4 5 (a 7
/ flOcfe i 000 04-43 0iT36 ot>*7 O'SOS 0 3/2 - 0 -0 2 0
Measured; (o ̂  order Inode critical <%t about fOQO r.p.ni. Amplitude 
ah *a$$ M2 I , h -  ^eiy e-r Torsioyropb — £  0 ‘~J and later b y  neyV 
device = £ 15 4 — order Inode yiVe5 7S.t 0—4*2*? •
~ 2 42. • elastic f orm factor - 0~J I bey(~̂ 5 3b w .dr*. X ~[£m.$hdit
Aar mo mo torque coejft. ~ t qi lb[ tn~ p e r  fn. radios (qiVen)_ R per line =
2b'b and f“2.'4 wdb.SCC.y for 0~] and I S° respectively . Hence ~ t3'b~~28£
Fiy 10$  Ehytne H- K. 8 cylinder f 4  stroke. Sihy le -  achny oil eng ine  .
(Tornado Airship Engine. R + M. H2 ISO*. E.*q. Carter 4 Muir ).
F<fuiVa le n t  dynamieal Sy stem
Mas* ( 2 3 4  S b 7 8 9
£ t k H P - U . .  .CL.
f node v ib - -f ss.Iona
Vib- Farm
ftt} Ib m .se c
Relative amplitudes
/W H* 1 2 3 4 S b 7 7
1 nodef'OOOO 0 4 6 2 2 O ' W t O 0 1 9 0 4 O 'b d S 'l 0‘49(C 0-3o2o O' l t I O - 0*0343
Measured - *4 — order 1 node c r i t ic a l  a t  *150 r.p .**. Amp litude a t  mass 
-  I *= £  7 4 2 °  4 -  order /  node gtVes ; J^jrf 9 ** 5 ' lb 84  •
B
H° j- /  <iZ y
~ *4 '0*j5  • e-lashic fo rm  fa c to r  ^  0 *6 4 & Scy!-^ 84  m.dia x (2 m
stroke  . Finny order /. S. ~f- 8 . 4 . 3- 2.C. Harmonic torque Coef f t
= IE - 4 5  Ibfin2' p e r  in. radius a t  M .E .R  72/ Ibj m . fLevVts)
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b u t  d e t a i l s  o f  th e  c ra n k  were g iv e n ,  so t h a t  th e  dynam ica l 
sys tem  c o u ld  be deduced . The mass system  g iv e n  i n  P ig .T 06 
t h e r e f o r e  i s  o n ly  a p p ro x im a te ,  b u t  i 3 q u i t e  r e p r e s e n t a t i v e  
o f  th e  a c t u a l  form , s i n c e  th e  d i f f e r e n c e  in  th e  e l a s t i c  
c u rv e  f o r  t h e  i n i t i a l  and f i n a l  sys tem s i s  v e ry  s l i g h t .
F i n a l l y ,  th e  d ynam ica l  sy s tem  and d e t a i l s  f o r  
subm arine  d r i v e s  a s  g iv e n  by P o r t e r ^  a re  shown in  P ig .  107.  
As b e fo r e  th e  c o m p a r a t i v e l y  f l e x i b l e  e n g in e  s h a f t  o s c i l l a t e s  
a g a i n s t  th e  heavy g e n e r a t o r ,  nodes o c c u r r in g  p r a c t i c a l l y  
a t  th e  f ly w h e e l  and p r o p e l l e r .
The f i n a l  r e s u l t s  f o r  a l l  th e  e n g in e s  a re  
g iv e n  in  P ig .  108 and a  D lo t  o f  - ~ 2 -  on a  b a s e  o f  e l a s t i c ,
R
fo rm  f a c t o r  i s  shown in  P ig .  109.
Exam ining t h i s  c u rv e ,  i t  i s  seen  t h a t  w i th  
th e  e x c e p t io n  o f  t h e  subm arine  en g in e  sy s tem  th e  p o i n t s  
conform  to  th e  mean l i n e  t o  w i th in  30 p e r  c e n t .  Such 
a l a r g e  p e r c e n t a g e  d i f f e r e n c e  may a p p e a r  abnorm al ,  b u t  
i t  must be remembered t h a t  e ac h  p o i n t  i s  the  r e s u l t  o f  
numerous c a l c u l a t i o n s  i n  which some o f  the  f a c t o r s  
employed c a n n o t  be e s t im a te d  v e ry  a c c u r a t e l y .
Toe c h i e f  f a c t o r s  a f f e c t i n g  t h e  r e s u l t  a r e  
th e  v i b r a t i o n  form and f re q u e n c y ,  th e  m easurem ent o f  
a m p l i tu d e ,  th e  harm onic  t o r q u e ,  and th e  s im p le  c o n c e p t io n  
o f  damping f a c t o r .
S in c e  v i b r a t i o n  f re q u e n c y  can now be e s t im a te d  
to  w i th in  3 - 5  p e r  c e n t . ,  and  s in c e  form  and f re q u e n c y  
a r e  i n t e r c o n n e c t e d ,  no g r e a t  e r r o r  can a r i s e  from  th e  
e s t im a te d  v a lu e s .
The m easurem ent o f  the t o r s i o n a l  o s c i l l a t i o n s  
f o r  t h e  m o dera te  r o t a t i o n a l  sp e e d s  and f r e q u e n c ie s  d e a l t  
w i th  can  a l s o  be r e l i e d  upon, w h ile  t h e  harm onic  a n a l y s i s  
o f  th e  sm a ll  t o r s i o g r a p h i c  r e c o r d s  o b ta in e d  can  a l s o  be 
made w i th  f a i r  a c c u ra c y .
The harm onic  to r q u e  c o e f f i c i e n t s  which a r e  
ta k e n  from  i n d i c a t o r  c a r d s  a r e  th e  m ost l i k e l y  so u rc e  
o f  e r r o r .  Prom an e x a m in a t io n  o f  a  l a r g e  number o f
5 . P. P . P o r t e r ,  T ran s .  B . , A .P .B . 50 - 8 , T928.
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23h arm o n ic  a n a l y s e s ,  K. C onst a n t ”, shows t h a t  th e  h a rm o n ics  
below th e  2nd c r a n k s h a f t  o r d e r  o f  f o u r - s t r o k e  c y c le  e n g in e s  
d e te rm in e  th e  g e n e r a l  shape  o f  th e  to rq u e  c u r v e s ,  a p a r t  
from  i n e r t i a  e f f e c t s ,  and depend m ain ly  upon th e  mean 
to rq u e  o f  the  c y l i n d e r .  They c a n ,  t h e r e f o r e ,  be e s t im a te d  
to  w i th in  5 p e r  c e n t ,  on an a v e ra g e .  However, i n  en g ine  
t o r s i o n a l  o s c i l l a t i o n s  i t  i s  th e  h i g h e r  h a rm on ics  t h a t  
m u st  be c o n s id e r e d .
The h i g h e r  harm on ics  a r i s e  from th e  a p p a r e n t  
I r r e g u l a r i t i e s  i n  th e  to rq u e  c u rv e s .  In  rough  a n a l y s i s ,  
t h e r e f o r e ,  th e s e  a r e  l i a b l e  to  be sm oothed o u t .  They a r e  
a l s o  a f f e c t e d  by e n g in e  d e s ig n  a n d  running; c o n d i t i o n s ,  and 
t h e r e f o r e  th e  e r r o r  in v o lv e d  in  the  e s t i m a t i o n  o f  t h e i r  
a v e ra g e  m a g n i tu d e ,  even f o r  a  s i n g l e  c y l i n d e r  t o r q u e  c u rv e ,  
may be q u i t e  l a r g e .
G e n e r a l ly  th e  v a lu e  o b ta in e d  from th e  s i n g l e  
c y l i n d e r  to r q u e  cu rv e  i s  ta k e n  a s  a p p ly in g  th ro u g h o u t  in  
a m u l t i - c y l i n d e r  e n g in e ,  b u t  t h i s  i d e a l  c o n d i t i o n  i s  n o t  
r e a l i s e d .  H. C o n s ta n t  g i v e s  th e  v a lu es  o f  th e  ha rm on ics  
from t h e  i n d i v i d u a l  c a r d s  o f  a 9 - c y l i n d e r  r a d i a l  en g in e  
u n d e r  n o rm a l t u n in g ,  and shows, c l e a r l y  t h a t  t h e r e  i s  a  
l a r g e  p e rc e n ta g e  d i f f e r e n c e  i n  m agn itude  be tw een  th e  h i g h e r  
o r d e r s  f o r  t h e  d i f f e r e n t  c y l i n d e r s .  T ak ing  th e  p l o t t e d  
v a l u e s  g iv e n  by him, t h e r e  i s  a 30  p e r  c e n t ,  d i f f e r e n c e  
i n  th e  3rd  o r d e r  and  a  5^ P©r  c e n t ,  i n  th e  3 i  o r d e r .
C a r ry in g  t h e  e x a m in a t io n  f u r t h e r ,  H. C o n s ta n t  
compared th e  r e s u l t a n t  h a rm on ics  f o r  t h e  e n g in e  b ased  on 
i n d i v i d u a l  c a rd  a n a l y s i s ,  w i th  th e  r e s u l t a n t  o b ta in e d  i n  
th e  u s u a l  way by t a k i n g  an e x a c t l y  s i m i l a r  c a r d  th r o u g h o u t .  
From th e  f i n a l  g ra p h  i t  i s  found t h a t  t h e r e  i s  a d i f f e r e n c e  
o f  a b o u t  20  p e r  c e n t ,  i n  th e  m ain 4£ o r d e r  f o r  t h a t  e n g in e .
I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  such  r e s u l t s  
w i l l  a p p ly  t o  th e  heavy  o i l  engine®  g i v e n - h e r e .  For th e  
o i l  e n g in e s  s u b je c t e d  to  e x p e r im e n t ,  harm onic  a n a l y s i s
23. C o n s ta n t ,  J o u r n a l  o f  the Roy. A era . Soc. , March. 1932.
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was c a r r i e d  o u t  o n ly  on th e  i n d i c a t o r  c a r d s  which gave 
rn .e .p .  v a lu e s  p r a c t i c a l l y  e q u a l  t o  th e  a v e ra g e  f o r  th e  
t e s t .  T h is ,  how ever, i s  no g u a r a n te e  t h a t  th e  h ig h e r  
o r d e r s  o b ta in e d  w i l l  r e p r e s e n t  th e  mean e f f e c t  th ro u g h o u t  
th e  c y l i n d e r s ,  b u t  i t  i s  th e  most r a t i o n a l  c o u rs e  to  a d o p t .
A g a in ,  w ith  r e g a r d  to  th e  damping a t  th e  main 
b e a r in g s  o f  tis* m u l t i - c r a n k  e n g i n e s , t h e  J o u r n a l  
d i s p la c e m e n ts  due t o  c ra n k  web d i s t o r t i o n  w i l l  not. be 
s i m i l a r  fo r  e n g in e s  w i th  a d i f f e r e n t  number o f c r a n k s .  
T h e re fo re  th e  s im p le  e x p r e s s io n  f o r  th e  e l a s t i c  cu rv e  
form  a t  t h e  e n g in e ,  w i l l  n o t  be s u f f i c i e n t  in  i t s e l f  to  
a c c o u n t  f o r  such  c a s e s .
I t  would a p p e a r  t h e r e f o r e ,  t h a t  th e  e r r o r s  
in  c a l c u l a t i o n  which acc u m u la te  in  m u l t i - c y l in d e r  e n g in e s  
by th e s e  v a r io u s  f a c t o r s  a r e  s u f f i c i e n t  to e x p la in  the  
d iv e rg e n c e  from th e  mean l i n e  g iv e n  in  F ig .  109. In  view 
o f  th e  u n c e r t a i n  v a lu e s  o f to rq u e  c o e f f i c i e n t s  and o th e r  
f a c t o r s  in v o lv e d  i n  m u l t i c y l i n d e r  e n g in e s ,  a l l  m ethods 
o f  c a l c u l a t i n g  a m p l i tu d e s  w i l l  be a p p ro x im a te .  Hence, 
u n d e r  th e s e  c o n d i t i o n s ,  any a t t e m p t  a t  f u r t h e r  r e f in e m e n t  
o f  o v e r a l l  v a lu e s  would be m is p la c e d .  The r e s u l t s  
a p p a r e n t l y  s u f f e r  on a c c o u n t  o f  s i m p l i f i c a t i o n ,  b u t  g a in  
by t h e i r  s t r a i g h t f o r w a r d  a p p l i c a t i o n .  The cu rv e  g iv e n  
i n  F ig .  109 i s ,  t h e r e f o r e ,  p u t  fo rw a rd  a s  a g u id e  in  
d e s ig n .
In  c o n c lu s io n ,  th e  a u th o r  e x p r e s s e s  h i s  
in d e b te d n e s s  to  P r o f e s s o r  A. L. Me11a n b y , D .S c . ,  f o r  
th e  i n t e r e s t  ta k e n  in  t h i s  s u b j e c t  and th e  g e n e ro u s  
p r o v i s i o n  o f  f a c i l i t i e s .  Thanks a r e  a l s o  due to  
P r o f e s s o r  W. K e r r ,  P h .D . ,  f o r  t h e  a d v ic e  g iv e n  in  th e  
deve lopm en t o f  th e  p a p e r .
BIBLIOGRAPHY.
G e n e r a l .
1. H o ld e r ,  "Die B erechnung  d e r  D rehschw ingungen" ,
S p r in g e r ,  1921.
3 . W ydler, "D rehschwingungen ift K o lbenInasch ine ttan lagen ,,,
S p r in g e r ,  T922.
4. L ew is ,  " T o r s io n a l  V i b r a t i o n  in  th e  D ie s e l  E ngine"
T ran s .  Soc. N aval Arch. and. M arine  Eng. New York,
Nov. 1925.
21 . C a r t e r ,  "Dynamic F o rc e s  in  A i r c r a f t  E n g in e s" ,
The J o u r n a l  o f  t h e  Roy. Aero Soc. , J a n .  1927.
6 . " " T o r s io n a l  v i b r a t i o n  i n  E n g in es"  A ero . R e se a rch  Comm. .
R. & M. No. tO53, E. 22.
5 . P o r t e r ,  T ra n s .  Amer. Soc. Meeh. E n g .,  A .P .M .5 1 .2 2  -  1929.
8 , H a r to g  and Ormondroyd, "T ra n s .  Amer. Soc. Mech. E n g . ,
A.P.M. 52. 13 -  1 9 3 0 .(D is c u s s io n  p .  152.)
S t e i g l i t z , "Drehschwingunen in  Reihemmntorem"
L u f t f a h r t f  o r s c h u n g . No. 5. J u l y  24 , 1929.
12. Timoshenko, " V ib r a t io n  p ro b lem s in  E n g in e e r in g "
C o n s t a b l e ,  1928.
G e ig e r ,  "M echanische  Schwingungen " ,  S p r in g e r ,  1927.
I n e r t i a  T orques and E q u a t io n s  o f  M otion .
I d .  Cormac, "A T r e a t i s e  on E ngine Bdamce u s in g  E x p o n e n t ia l s "  
Chapman and H a l l .
9 . K e r r ,  "The B a lan ce  o f  I n t e r n a l  Combustion E ng ines"
T ran s .  I n s t .  Eng. & S h ip .  S c o t la n d ,  1927 - 28.
Kobmyashi, "An A n a l y t i c a l  s tu d y  o f  c ra n k  e f f o r t  in
r e c i p r o c a t i n g  e n g in e s " ,  Memoirs Ryojun C o l le g e  o f  
Ehg. Vol. IV. NO. 3 . 1931.
13. G o ld sb u rg h , " T o r s io n a l  v i b r a t i o n s  i n  R e c ip r o c a t in g
E ngine S h a f t s " ,  P r o c .  Roy. Soc. V ol. C X III . S e r i e s  A,
1926 -  27.
A lso ,  - ” " " " V ol. CIX. S e r i e s  A , 1925.
Muir and T e r ry ,  "AjHarmonic A n a ly s i s  o f  Torque C urves"
A ero . R e se a rch  Comm. No. T305. E. 41 .
23. C o n s ta n t ,  " A i r c r a f t  V i b r a t i o n " ,  J o u r n a l  Roy. A ero . Soc. 
V ol. XXXVI. March, 1932.
C r a n k s h a f t s .
1T. Timoshenko, " T o rs io n  o f  c r a n k s h a f t s " ,  T ra n s .  Amer. Soc .
Mech. Eng. 1922.
2 . C a r t e r ,  "An E m p ir ic a l  Form ula f o r  c r a n k s h a f t  S t i f f n e s s  
i n  T o r s io n " ,  E n g in e e r in g ,  J u l y ,  T3th 1928.
C o n s ta n t ,  "On th e  s t i f f n e s s  o f  c r a n k s h a f t s " ,  A ero .
R e se a rch  Comm, R. AM. No. t 2 0 t .  E .2 9 .
M a r in e -Q i l -S n g in e s  T r i a l s  -  6 th  R e p o r t .  Trmws I n s t .
Mech. Eng. T931. Vol . T21 ( C r a n k s h a f t  s t i f f n e s s , p . 287. )
H y s te r e g le  i n  S t e e l s .
7 . R aw ett ,  P r o c .  Roy. Soc. S e r i e s  A, V ol. 89. 1914.
4 . L ew is , lo c  c i t .
15. K im b a l l ,  T ra n s .  Amer. Soc. Mech. Eng. 1926.
16. L ea , P ro c .  Roy. Soc. S e r i e s  A. V ol. 93 . 1916 -  17.
T4. Fo p p l ,  "Die Dauerpri i fung d e r  W e r k s to f f e "  S p r i n g e r .
17. Darey ,  T ra n s .  I n s t .  -Bloch. Eng. 1932. (Advance P r o o f ) .
L u b r i c a t i o n  and F r i c t i o n a l  E f f e c t s .
18. B o sw a ll ,  "The Theory  o r  F ilm  L u b r i c a t i o n " ,  Longmans.
19. Lamb, "H ydrodynam ics", Camb. U niv . P r e s s .
20. R o b e r t s o n ,  " W h i r l in g  o f  a J o u r n a l  i n  a S le ev e
B e a r in g " ,  P h i l .  Mag. V ol. 14. N o .96 , J a n .  1933.
"The M echan ica l P r o p e r t i e s  o f  F l u i d s " ,  B la c k ie .
S t a n to n ,  "The F r i c t i o n  o f  P i s t o n s  and  P i s t o n  R in g s " ,  
A ero . R esea rch  Comm., No. 931. E. 12.
